NASA  SP-377 


Biomedical 
Results  frcm 
Skylab 


Edited  by 

Richard  S.  Johnston  and 
Lawrence  F.  Dietlein 

NASA  Lyndon  B.  Johnson  Space  Center 


Scientific  and  Technical  Information  Office 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 
Washington,  D.C. 

1977 


Library  of  Congress  Cataloging  in  Publication  Data 
Main  entry  under  title: 

Biomedical  results  from  Skylab. 

(NASA  SP  ; 377) 

Includes  index. 

1.  Space  Medicine.  2.  Space  flight — Physiological  effect.  3.  Skylab  Program.  I. 
Johnston,  Richard  S.  II.  Dietlein,  Lawrence  F.  III.  Title.  IV.  Series:  United  States. 
National  Aeronautics  and  Space  Administration.  NASA  SP  ; 377. 

RC1135.B56  616.9'80214  76-54287 


For  sale  by  the  Superintendent  of  Documents.  U.S.  Government  Printing  Office 
Washington,  D.C.  20402  Stock  Number  033-000-00648-9 
Class  No.  NAS  1.21:377 


IV 


PAGE  BT.ANK  NOT  PH 


Biomedical  Results  from  Skylab 


r 


J 


Foreword 


The  successful  conclusion  of  the  Skylab  Program  following  the  Apollo 
series  marks  the  end  of  an  era  in  which  the  United  States  proved  that  men 
could  not  only  explore  the  Moon,  but  could  also  live  and  work  effectively  in 
space  for  prolonged  periods  of  time.  The  conclusions  of  these  initial  efforts 
in  space  exploration  also  heralds  the  beginning  of  a new  era  during  which 
the  use  of  space  will  be  developed  and  expanded  for  the  benefit  of  all  man- 
kind. 

Progress  in  development  of  manned  space  flight  and  exciting  new  scien- 
tific discoveries  in  space  over  the  past  two  decades  have  produced,  in  addi- 
tion to  pride  in  achievement  and  moments  of  exaltation,  a new  feeling  of 
closeness  to  our  neighbors  across  the  oceans  and  a rededication  to  preserv- 
ing and  improving  the  quality  of  life  on  our  planet. 

Through  the  years,  the  quest  for  more  knowledge  about  space  and  its 
impact  on  man  sparked  the  technological  advances  in  related  scientific  and 
engineering  disciplines.  Happily,  at  this  present  point  in  human  history, 
sufficiently  advanced  technology  and  man’s  will  to  explore  the  unknown 
joined  forces  to  make  space  flight  possible.  Following  this  breakthrough,  the 
further  understanding  of  the  nature  and  extent  of  man’s  capabilities  in 
space  became  an  urgent  issue.  Inquiries  about  how  man  might  behave, 
prosper,  or  be  adversely  affected  in  the  unique  environment  accompanying 
space  exploration  have  influenced  the  course  of  the  space  flight  program. 
This  book  chronicles  the  work  of  scientists  attempting  to  understand  the 
responses  of  man  and  his  life  processes  in  an  environment  previously  totally 
unknown  to  living  systems. 

During  the  Mercury,  Gemini,  and  Apollo  Programs,  only  limited  meas- 
urements of  astronaut  physiological  responses  were  possible.  Restricted 
internal  volumes  of  the  spacecraft  and  the  operational  complexities  of  those 
missions  essentially  precluded  the  conduct  of  in-depth  measurements  to 
gather  in-flight  data  on  physiological  changes.  From  those  early  observa- 
tions, however,  it  became  apparent  that  there  were  three  environmental  or 
operational  factors  of  paramount  concern : namely,  space  radiation,  altera- 
tions in  circadian  rhythm,  and  null  gravity.  Of  these,  the  physiological 
responses  attributable  to  absence  of  accelerative  forces  were  notably 
unique.  In  the  earlier  programs,  the  decisions  to  proceed  with  longer,  more 
complex  missions  were  based,  to  a large  extent,  on  the  postflight  biomedical 
evaluation  of  flight  crews.  An  extensive  program  of  biomedical  measure- 
ments performed  during  flight  had  to  await  the  advent  of  larger  space- 
craft with  longer  stay-time  capabilities.  Skylab  presented  this  opportunity. 
The  Life  Sciences  Program  encompassed  inquiries  into  the  effects  of  space 
flight  on  basic  biological  systems,  the  physiological  responses  of  man,  as 
well  as  the  health,  well-being,  and  safety  of  the  crewmen. 

This  program  was  developed  and  executed  under  the  auspices  of  the 
Life  Sciences  Directorate  at  the  Lyndon  B.  Johnson  Space  Center.  The  data 
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resulting  from  such  a program,  it  was  felt,  could  effectively  establish  new 
goals  for  more  sophisticated  scientific  research  into  the  basic  mechanisms 
involved  in  the  various  observed  responses  of  man. 

The  success  of  the  Skylab  Life  Sciences  Program  was  made  possible,  in 
large  measure,  by  the  dedication  and  professional  excellence  of  its  re- 
search and  management  teams,  and  the  outstanding  cooperation  and  per- 
formance of  the  astronauts  who  expertly  executed  the  in-flight  phases  of 
the  experiments. 

Exhaustive  research  and  development  activities  over  the  past  two 
decades  produced  the  engineering  and  medical  criteria  used  for  assuring  the 
health  and  safety  of  the  crewmen,  maintaining  hygiene  and  relative  com- 
fort, and  providing  the  basic  needs  for  living  and  operating  in  a strange 
and  artificial  environment.  The  essential  task  remaining  was  to  determine 
through  scientific  observations  the  extent,  nature,  rate  of  onset,  and  pro- 
gression of  any  delerious  event  (s)  which  might  threaten  crewmen.  These 
scientific  inquiries  have  been  documented,  and  great  confidence  has  been 
gained  that  man  can  perform  effectively  for  long  periods  of  time  in  space  if 
his  health  is  properly  maintained  and  his  bodily  needs  satisfied. 

Space  flight  provides  the  opportunity  to  look  at  living  systems  from  an 
entirely  new  vantage  point.  Perhaps,  at  some  time  in  the  future,  such  in- 
vestigative efforts  will  provide  new  theories  about  the  origin  of  life  and 
the  organization  of  life  systems  on  Earth.  The  biomedical  reports  in  this 
book  indicate  that  the  few  deleterious  effects  on  physiological  functions 
are  moderate  in  degree  and  completely  reversible.  These  findings  under- 
score the  enormously  resilient  capacity  of  the  body  and  its  organ  systems  to 
perform  their  functions  in  an  orderly  fashion.  The  research  conducted 
during  these  successful  Skylab  missions  represents  only  the  beginning  of  an 
inquiry  that  will  add  new  dimensions  to  our  understanding  of  living  sys- 
tems and  may  provide  additional  insight  into  the  origin,  evolution,  and 
miracle  of  life  itself. 


Christopher  C.  Kraft,  Jr.,  Director 
Lyndon  B.  Johnson  Space  Center 
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Skylab  Medical  Program  Overview 

Richard  S.  Johnston  “ 


History  is  filled  with  examples  of  man’s  de- 
sire to  explore  new  frontiers.  Having  sensed 
the  thrill  of  discovery,  man  has  pressed  on  to  scale 
new  heights,  not  weighing  the  cost  or  personal 
risk,  but  mindful  only  of  his  destiny  to  conquer 
the  unknown.  Under  adverse  conditions,  he  has 
crossed  the  seas  and  the  wastes  of  the  arctics  until 
there  were  no  longer  any  new  seas  to  cross,  moun- 
tains to  climb,  or  arctic  poles  to  visit.  Thus  has 
he  explored  his  Earth. 

Exploration  has  always  been  a risky  under- 
taking and  opportunity  for  it  is  largely  dependent 
upon  the  advancement  of  technologies  in  trans- 
portation and  life  support.  With  the  development 
of  chemical  propellants  and  the  application  of 
some  fundamental  laws  of  physics,  high  velocity 
rocket  propulsion  became  a reality;  this  is  all 
man  needs  to  kindle  his  imagination  to  reach  be- 
yond his  Earth  and  to  start  the  exploration  of  his 
universe.  Although  preservation  of  life  and  health 
is  essei)tial  to  the  successful  conquest  of  the  un- 
known, few  explorers  have  conducted  studies  on 
themselves  or  documented  their  responses  to  new 
environments.  A notable  exception  was  the  work 
conducted  during  the  1935  International  High 
Altitude  Expedition  to  the  Chilean  Andes  when 
the  members  of  that  team  conducted  self-studies 
to  record  for  medical  science  the  effects  of  expo- 
sure to  the  hypoxic  environment  of  high  altitudes. 
Since  then  some  of  these  data  have  been  used  by 
every  student  of  space  medicine. 

Utilizing  the  Saturn  V launch  system,  man  has 
successfully  completed  an  epoch-making  lunar 
exploration  program.  Through  the  use  of  this  same 
propulsion  system,  the  United  States  has  launched 

■NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


its  first  long-term  space  station  and  has  acquired 
giant  advancements  in  knowledge  concerning  the 
physiological  effects  of  increasingly  extended  pe- 
riods of  exposure  to  the  space  flight  environment 
and  in  determining  how  well  man  can  function 
while  performing  tasks  in  space. 

Space  medicine  studies  using  experimental  ani- 
mals were  initiated  prior  to  1959.  Limited  medical 
studies  and  observations  on  men  in  space  were 
initiated  in  the  United  States  with  the  Project 
Mercury  Program.  This  project  (ref.  1)  served 
to  dispel  many  basic  concerns  regarding  the  frail- 
ties of  the  human  space  explorer.  It  was  shown 
that  man  could  operate  effectively  during  the 
acceleration  periods  of  launch  and  entry,  and  that 
he  could  adapt  to  the  weightless  environment  and 
perform  useful  tasks.  Medical  measurements  made 
during  these  early  flights  showed  that  normal 
body  functions  were  not  adversely  altered.  The 
few  changes  which  occurred  were  moderate  but 
reversible.  For  example,  postural  hypotension  was 
observed  when  the  astronauts  returned  to  the 
Earth’s  gravity  field. 

The  first  series  of  medical  studies  during 
weightless  flights  was  provided  by  the  Gemini 
Program  (refs.  2, 3).  One  objective  of  these  flights 
was  to  evaluate  the  performance  of  men  living  in 
the  space  environment  for  14  days  to  assure  an 
effective  lunar  scientific  excursion.  The  results  of 
the  Gemini  flights  further  demonstrated  that  man 
could  adapt  to  the  weightless  environment,  could 
perfom  useful  tasks,  and  could  enter  the  Earth 
atmosphere  and  readapt  to  Earth  gravity. 

The  Apollo  Program  originally  included  the 
conduct  of  a series  of  medical  studies  for  the  early 
orbital  missions.  After  the  tragic  Apollo  204  ac- 
cident, the  decision  was  made  to  delete  the  medical 
studies  and  to  dedicate  all  resources  to  the  com- 
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plex  lunar  landing  program.  Consequently,  medi- 
cal studies  were  primarily  conducted  with  the 
Apollo  crewmen  before  and  after  each  flight. 

Skylab,  at  its  inception  called  the  Apollo  Appli- 
cations Program,  was  a natural  and  necessary 
follow-on  to  the  Gemini  and  Apollo  Programs.  The 
tested  and  proven  spacecraft  and  launch  vehicles 
from  the  Apollo  missions  were  used  in  the  design 
and  flights  of  the  Skylab  Program.  Development 
of  medical  experiments,  initiated  in  the  mid- 
1960’s,  included  a decision  to  design  the  experi- 
mental program  along  classical  lines  of  medical 
and  physiological  research;  namely,  to  group  re- 
lated studies  together  according  to  their  possible 
contribution  to  the  understanding  of  the  function- 
ing of  a major  body  system.  Of  course  the  results 
from  the  Gemini  and  Apollo  flights  influenced  the 
planning  and  placement  of  emphasis  for  the  new 
program.  The  experiment  protocols  developed  to 
study  the  cardiovascular,  musculoskeletal,  hema- 
tologic, vestibular,  metabolic,  and  endocrine  sys- 
tems in  the  body,  with  few  exceptions,  remained 


unchanged  throughout  the  Skylab  Program.  This 
chapter  will  provide  an  introduction  and  overview 
to  the  Skylab  medical  program.  The  chapters 
which  follow  will  present  the  significant  results 
from  the  three  manned  Skylab  missions. 

Operational  Equipment 

Several  major  medical  subsystems  were  pro- 
vided in  the  Skylab  Orbital  Workshop  to  sustain 
the  crew  and  to  protect  their  health. 

Food  System. — ^The  Skylab  food  system  (fig. 
1-1)  (ref.  4)  was  developed  to  provide  a balanced 
and  palatable  diet  which  also  met  the  necessary 
requirements  for  calories,  electrolytes,  and  other 
constituents  for  the  metabolic  balance  experiment 
(ch.  18) . Seventy  foods  were  available  from  which 
the  crew  could  select  their  in-flight  diets.  Food 
types  included  frozen,  thermostablized,  and 
freeze-dried  foods.  Menus  were  planned  for  6-day 
turnaround  cycles.  Each  crewman  was  required 
to  consume  his  individually  planned  diet  for  21 
days  preflight,  throughout  the  flight,  and  for  18 


Figure  1-1. — Skylab  Food  System. 
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days  postflight.  Approximately  one  ton  of  food  was 
stowed  in  the  Orbital  Workshop  at  launch  to  pro- 
vide approximately  400  man-days  of  food.  The 
ambient  foods  were  packaged  in  6-day  supply  in- 
crements and  stowed;  these  were  moved  by  the 
crewmen  to  the  galley  area  for  direct  stowage, 
preparation,  and  eating.  The  galley  area  contained 
a freezer,  a food  chiller,  and  a pedestal  which  pro- 
vided hot  and  cold  water  outlets,  attachment  points 
for  three  food  trays,  and  body  restraints  which 
afforded  each  crewman  the  opportunity  to  sit  down 
to  eat.  Each  food  tray  contained  seven  recessed 
openings  to  hold  cans  or  other  containers,  three 
of  which  had  heaters  for  wanning  the  food.  The 
food  cans  were  constructed  with  membranes  or 
other  designed  devices  which  restrained  the  food 
within  the  container  when  in  zero-gravity  and  al- 
lowed the  crew  to  eat  with  conventional  tableware. 
Drinks  in  a powdered  form  were  packaged  into 
individual  bellows-like  containers  constructed  with 
a drinking  valve.  Water,  when  needed,  was  added 
from  the  hot  or  cold  water  outlets  located  on  the 
pedestal.  The  crewmen  drank  from  the  container 
by  collapsing  the  bellows. 

The  variety  of  foods  provided  and  the  general 


design  of  the  food  system  were  acceptable  to  the 
Skylab  crewmen.  At  the  suggestion  of  the  re- 
turned Skylab  2 crew,  more  and  varied  spices  were 
included  in  the  later  missions  to  improve  the  taste 
of  the  food. 

The  extension  of  the  Skylab  4 mission  for  an 
additional  28  days  required  250  pounds  of  addi- 
tional Skylab  food  to  be  launched  in  the  Command 
Module.  This  extra  weight  and  the  resulting  stow- 
age volume  were  excessive,  therefore,  a high- 
density,  high-caloric  type  food  bar  was  stowed  in 
the  Command  Module  to  provide  the  caloric  re- 
quirements for  the  mission  extension.  The  crew- 
men’s in-flight  menus  were  modified  to  include 
approximately  800-1000  calories  of  the  food  bars 
every  third  day.  For  Skylab  4,  in  addition  to  the 
50  pounds  of  high-caloric  type  food  bars,  approxi- 
mately 100  pounds  of  other  Skylab-type  food  and 
drinks  were  launched  in  the  Command  Module. 

Waste  Management  System. — The  Skylab  Waste 
Management  System  included  equipment  for  the 
collection,  measurement,  and  processing  of  all 
urine  and  feces  and  for  the  management  of  trash 
such  as  equipment  wrappers,  food  residues,  et 
cetera  (fig.  1-2). 
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Figure  1-2. — Skylab  Waste  Management  Systems. 
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Waste  Management. — Equipment  used  by  the 
crew  for  the  collection  of  urine  and  feces,  and  in 
addition,  equipment  used  for  personal  hygiene 
were  stowed  and  used  in  the  waste  management 
compartment.  Feces  were  individually  collected 
into  a bag  attached  under  a form-fitted  commode 
seat.  The  bag  was  permeable  to  air  and  imperme- 
able to  liquids.  An  electric  blower,  actuated  by  the 
crewman  during  use,  provided  a positive  airflow 
around  the  anal  area  to  carry  the  feces  into  the 
collection  bag.  After  each  defecation,  the  crew- 
man weighed  the  bagged  stool  on  a mass  measur- 
ing device,  and  then  labeled  and  placed  it  into  a 
vacuum  drying  processor.  After  16  to  20  hours  of 
drying,  the  bag  of  fecal  residue  was  removed  from 
the  processor  and  stowed  for  return  to  Earth  for 
postmission  analysis. 

Each  crewman’s  urine  was  collected  in  an  in- 
dividual 24-hour  pooling  bag.  A centrifugal  fluid/ 
gas  separator  was  actuated  at  the  start  of  urina- 
tion to  create  a positive  airflow  to  carry  the  urine 
into  the  equipment  where  urine  was  separated 
from  the  gas  and  was  then  collected  into  the  pool- 
ing bag.  A measured  quantity  of  lithium  chloride, 
added  to  each  pooling  bag  prior  to  flight,  permitted 
urine  volumes  to  be  calculated  during  analysis 
postflight.  In  addition,  the  crew  used  a gage  to 
measure  the  filled  pooling-bag  thickness  to  give  a 
real-time  estimate  of  daily  urine  output.  Once 
every  24  hours  each  crewman  collected  a 120 
milliliters  urine  aliquot  from  his  pooled  urine  bag 
and  placed  this  sample  in  a freezer  for  return  and 
postflight  analysis.  'The  used  pooling  bag  was  dis- 
carded and  a new  bag  was  installed  for  use  each 
day. 

Trash  accumulated  from  food  wrappers,  used 
equipment  bags,  used  towels,  et  cetera,  were  dis- 
carded through  an  airlock  into  a large  volume  tank 
in  the  Orbital  Workshop  dome. 

The  Waste  Management  System  and  trash  air- 
lock operated  satisfactorily  throughout  the  Skylab 
missions  and  the  crews  reported  complete  satis- 
faction with  the  design  of  this  equipment. 

Personal  Hygiene. — Provisions  were  included  in 
the  Orbital  Workshop  for  daily  personal  hygiene. 
Such  items  as  wet  wipes,  towels,  toothbrushes,  ra- 
zors and  deodorants,  were  provided  to  maintain 
body  cleanliness.  In  addition  a shower  contained 
in  a collapsible  cylindrical  cloth  bag  (fig.  1-3) 
was  provided  to  permit  full  body  bathing.  Warm 


water  and  a liquid  soap  were  available  in  limited 
quantity  for  one  shower  per  week  for  each  man. 
The  Skylab  crewmen  reported  satisfaction  with 
the  shower  and  other  personal  hygiene  equipment ; 
however,  the  crewmen  did  indicate  that  an  exces- 
sive amount  of  time  was  required  to  vacuum  the 
collected  water  and  dry  out  the  shower  after  use. 
Microbiological  studies  conducted  on  the  Skylab 
crewmen  indicated  that  the  personal  hygiene  tech- 
niques used  were  completely  adequate. 

In-flight  Medical  Support  System. — In-flight 
Medical  Support  System  (IMSS)  (app.  A.,  sec. 
Il.a.)  was  designed  to  provide  for  the  conduct  of 
selected  in-flight  medical  evaluation  experiments 
and,  as  required,  first  level  medical  diagnosis  and 
treatment  for  an  ill  or  injured  crewman  (fig. 
1—4) . The  equipment  was  stowed  in  the  wardroom 
and  included:  diagnostic,  minor  surgery,  dental, 
catheterization,  and  bandage  kits.  Sixty-two  med- 
ications for  the  three  missions  were  stowed  in 
modules  to  insure  an  adequate  and  fresh  supply. 
Prior  to  flight,  drug-sensitivity  testing  was  con- 
ducted on  mission-designated  Skylab  crewmen.  In 
addition,  microbiological  equipment  and  slide- 
staining  capabilities  were  provided.  Petri  dishes, 
an  incubator,  microscope,  and  slide  stainer  were 
available  for  use  by  the  crew.  The  microbiological 
equipment  was  used  to  collect  airborne  and  surface 
microbial  samples  in  flight.  As  part  of  his  mission 
preparation,  each  Skylab  crewman  underwent  80 
hours  of  paramedical  training  in  the  use  of  the 
In-flight  Medical  Support  System  for  diagnosis  and 
in  treatment  of  injury  or  illness. 


Figure  1-3. — Skylab  shower. 
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Cardiovascular  Counterpressure  Garment. — 
Cardiovascular  counterpressure  garments  (fig. 
1-5)  were  launched  in  the  orbital  workshop  for  all 
three  missions.  These  garments  were  designed  to 
provide  mechanical  counterpressure  to  the  lower 
extremities  to  reduce  the  postural  hypotension  ef- 
fects following  landing  and  operations  under  one- 
gravity  conditions.  The  garment  has  a built-in 
capstan  in  the  length  of  each  leg.  Infiation  of  the 
capstan  by  a pressure  bulb  provided  a pressure 
gradient  of  85  to  90  millimeters  of  mercury  (mm 
Hg)  pressure  at  the  ankles  to  10  mm  Hg  pressure 
at  the  waist.  A garment  was  donned  by  each  crew- 
man prior  to  entry  and  it  was  sometimes  infiated 
during  descent  and  always  following  landing.  Sub- 
sequent chapters  (chs.  5,  29)  will  discuss  the 


Figure  1-5. — Skylab  cardiovascular  counterpressure 

garment. 
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Figure  1-4. — Skylab  In-flight  Medical  Support  System. 
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physiological  protection  afforded  by  these  gar- 
ments. 

Life  Sciences  Experiments 

The  Skylab  medical  experiments  listed  in  table 
l-I  were  designed  to  provide  an  indepth  study  of 
individual  body  systems  and  at  the  same  time  pro- 
vide an  overlap  to  give  comprehensive  understand- 
ing of  man’s  reaction  to  long-term  weightless 
flight.  Added  special  in-flight  tests  are  shown  in 
table  l-II  to  indicate  other  type  studies  which 
were  completed  in  the  three  missions.  The  inclu- 
sion of  major  in-flight  medical  experiments  pro- 
vided the  capability  to  study  physiological 
responses  during  exposure  to  weightless  flight  as 
opposed  to  the  pre-  and  postflight  studies  as  car- 
ried out  in  the  Apollo  and  Gemini  Programs.  Re- 
sults of  these  studies  are  the  subject  of  this  book. 

The  Skylab  medical  experiments  equipment  was 
located  in  and  occupied  about  one-third  of  the  floor 
area  of  the  crew  living  level  of  the  two-storied 
Orbital  Workshop.  Figure  1-6,  a photograph  taken 
during  the  Skylab  3 mission,  shows  this  medical 
experiment  area.  On  the  right  is  the  collapsed 
shower  previously  described.  The  two  consoles 
against  the  workshop  wall  contain  the  medical 
experiment  electronic  equipment.  This  figure  also 
shows  photographs  of  equipment  for  two  of  the 
major  medical  experiments:  M172  and  M092. 

'The  M171  ergometer  and  metabolic  analyzer 
(app.  A.,  sec.  I.f.  and  I.g)  shown  at  the  upper  left 
of  figure  1-7  are  being  used  by  the  Skylab  2 Pilot. 
The  metabolic  analyzer  contains  a mass  spectrom- 
eter for  measuring  oxygen,  carbon  dioxide,  nitro- 
gen, and  water  vapor.  In  addition,  spirometers 


Table  l-I. — Skylab  Medical  Experiments 


Number 


Experiment 


M071 

Mineral  balance 

M073 

Bioassay  of  body  fluids 

M074 

Specimen  mass  measurement 

M078 

Bone  mineral  measurement 

M092 

Lower  body  negative  pressure 

M093 

V ectorcardiogram 

MHO 

Hematology/immunology 

M131 

Human  vestibular  function 

M133 

Sleep  monitoring 

M151 

Time  and  motion  study 

M171 

Metabolic  activity 

M172 

Body  mass  measurement 

Table  l-II. — Added  Special  In-flight  Tests 


In-flight  Tests 

Skylab  mission 
e S 4 

Blood  flow 

X X 

Facial  photograph 

X X 

Venous  compliance 

X X 

Anthropometric  measurements 

X 

Treadmill  exerciser 

X 

Center  of  mass 

X 

IR  anatomical  photography 

X 

Taste  and  aroma  evaluation 

X 

Atmospheric  volatile  concentration 

X 

Light  flash  observations 

X 

Hemoglobin 

X X 

Urine  specific  gravity 

X X 

Urine  mass  measurement 

X 

Stereophotogrammetry 

X 

were  provided  to  measure  respiratory  volumes. 
The  bicycle  ergometer  was  used  to  provide  a quan- 
titative stress  level  for  investigation  of  physio- 
logical response  and  it  was  also  used  as  the  prime 
off-duty  crew  exercise  device.  Blood  pressure,  vec- 
torcardiograms, and  body  temperature  measure- 
ments were  also  made  as  a part  of  the  M171 
Metabolic  Activity  experiment. 

The  M092  Lower  Body  Negative  Pressure  De- 
vice is  shown  on  the  upper  right  of  figure  1-7  as 
it  was  used  in  Skylab  2;  this  experiment  was 
monitored  at  all  times  by  a second  crewman.  The 
leg  volume  measuring  bands  (app.  A.,  sec.  I.b.) 
used  with  the  Lower  Body  Negative  Pressure  De- 
vice are  shown  also.  The  electronic  center  for  these 


Figure  1-6. — Photo  of  medical  experiments  from  Skylab  3. 
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experiments,  labeled  on  figure  1-7  as  Experiment 
Support  System  (app.  A.,  sec.  I.k.),  contains  the 
displays  and  experiment  controls. 

In  the  upper  left-hand  comer  of  figure  1-8,  the 
Skylab  2 Scientist  Pilot  is  shown  wearing  the 
M133  electroencephalographic  sleep  cap  (app.  A., 
sec.  Li).  One  crewman,  i.e.,  the  Scientist  Pilot, 
performed  this  experiment  in  each  mission.  The 
Body  Mass  Measuring  Device  and  Specimen  Mass 
Measuring  Devices  (ch.  19)  were  evaluated  as  ex- 
periments to  establish  the  method  and  accuracy  of 
determining  mass  in  the  weightless  environment. 
In  addition,  these  devices  were  used  to  provide 
daily  body  weights  and  the  mass  of  food  residues 
and  fecal  specimens.  The  M131  rotating  litter  chair 
(app.  A.,  sec.,  I.j.)  was  used  to  study  vestibular 
functions  and  susceptibility  to  motion  sickness. 

Equipment  also  was  developed  and  flown  to  col- 


lect, process,  and  preserve  in-flight  blood  samples 
(fig.  1-9)  (app.  A.,  sec.  I.e.).  The  crewmen  ac- 
quired approximately  11  milliliter  blood  samples 
with  a conventional  syringe  and  then  transferred 
the  whole  blood  into  a pre-evacuated  sample  pro- 
cessor (fig.  1-10) . The  sample  processor  was  then 
placed  into  a centrifuge  to  separate  the  plasma 
from  the  cells  and  to  transfer  the  plasma  into  a 
separate  collection  vial  for  preservation.  This 
transfer  operation  had  to  be  automatically  accom- 
plished while  the  blood  was  being  centrifuged  due 
to  problems  associated  with  weightless  operations 
and  fluid  dynamics. 

The  cross  section  drawing  of  the  sample  proc- 
essor shown  in  figure  1-10  illustrates  how  the 
equipment  functioned.  Whole  blood  was  trans- 
ferred from  the  syringe  through  a septum  into  the 
processor.  A spring-loaded  piston  was  attached  to 
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Figure  1—7. — Skylab  in-flight  experiment  equipment. 
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Figure  1-8. — Skylab  medical  experiments. 


the  bottom  of  the  sample  processor  and  the  unit 
was  placed  in  the  centrifuge.  Following  initial 
centrifugation,  the  cells  and  plasma  were  sepa- 
rated. At  this  point,  the  centrifuge  speed  was  in- 
creased to  force  the  piston  to  drive  the  plasma  vial 
septum  past  a needle  and  allow  the  plasma  to  flow 
into  the  vial.  Following  this  separation  process, 
the  blood  was  placed  in  a freezer  and  preserved 
for  postflight  analysis. 

The  medical  experiment  equipment  functioned 
without  problems  throughout  the  three  flights. 
Medical  data  of  high  quality  were  obtained  for  all 
experiments.  Vast  quantities  of  medical  data  avail- 
able for  reduction  and  analysis  were  processed  in 
an  orderly  fashion.  This  could  not  have  been  ac- 
complished in  a timely  manner  without  computer 


processing.  The  quantity  of  information  obtained 
from  the  medical  studies  conducted  with  the  Sky- 
lab crewmen  over  a relatively  short  period  of  time 
is  perhaps  unique  in  medical  research  Over  600  000 
biochemical  analyses  were  made  on  food,  blood, 
urine,  and  fecal  samples.  In  completing  two  of  the 
major  medical  experiments,  more  than  18  000 
blood  pressure  determinations  were  made  and  over 
12  000  minutes  of  vectorcardiographic  data  were 
obtained. 

Skylab  Medical  Operations 

The  medical  operational  planning  for  Skylab 
was  much  more  complex  than  any  other  U.S. 
manned  space  mission.  The  logistics  planning  re- 
quired for  crew  feeding,  sample  collection,  base- 
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Figure  1—9. — Skylab  In-Right  Blood  Collection  System. 

line  experiment  data  acquisition,  crew  medical 
examinations,  crew  health  care,  data  processing, 
and  flight  management  into  an  integrated  plan 
that  meshed  with  program  milestones  required  a 
major  medical  team  effort. 

The  Skylab  medical  operations  program  was 
initiated  in  June  1972  with  a 56-day  altitude 
chamber  test  (ref.  5)  and  was  completed  in  April 


1974  with  the  last  postflight  Skylab  4 crewmen 
evaluation  tests. 

The  first  launch  (Skylab  1)  was  to  place  the 
Skylab  Orbital  Workshop  in  correct  orbit;  it  was 
unmanned.  The  compressed  schedule  of  the  subse- 
quent manned  Skylab  launches  and  the  extension 
of  mission  duration  after  the  first  manned  launch, 
Skylab  2,  created  an  extremely  heavy  burden  on 
the  Skylab  medical  team.  The  medical  experiment 
program  was  unique  in  that  it  not  only  provided 
scientific  data,  but,  in  turn,  the  data  were  used  as 
the  basis  for  operational  decisions  for  commitment 
to  longer  duration  flights.  This  meant  that  at  the 
end  of  each  of  the  first  two  manned  missions,  the 
medical  team  had  to  make  a recommendation  for 
the  extension  of  the  next  successive  mission.  From 
figure  1-11  it  can  be  seen  that  the  preflight  phase 
of  Skylab  3 started  before  the  completion  of  the 
Skylab  2 postflight  phase  and  after  baseline  data 
collection  for  Skylab  4 had  begun.  Skylab  3 was 
launched  only  2 weeks  after  the  Skylab  2 postflight 
studies  were  completed.  Skylab  4 was  launched 
only  5 weeks  after  completion  of  the  Skylab  3 
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Figure  1-10. — Skylub  blood  sample  processor. 
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postflight  medical  studies.  This  quick  turnaround 
required  careful  planning,  establishing  priorities 
for  samples  and  data  processing,  and  the  dedica- 
tion and  tireless  effort  of  all  members  of  the  medi- 
cal team. 

Skylab  Medical  Experiment  Altitude  Test. — ^The 
Skylab  medical  experiment  altitude  chamber  test 
was  a 56-day  mission  simulation  conducted  in  a 
6.1  meter  (20  ft)  diameter  vacuum  chamber.  The 
interior  of  the  chamber  was  configured  closely  to 
the  Orbital  Workshop  crew  quarters  level  which 
consisted  of  the  medical  experiments  area,  ward- 
room, waste  management  compartment,  sleeping 
quarters,  and  recreational  area.  The  atmosphere 
in  the  chamber  was  maintained  at  a composition 
identical  to  that  of  the  Orbital  Workshop,  with 
70  percent  oxygen,  30  percent  nitrogen  mixture  at 
a pressure  of  34X10®  Pa  (5  Ib/in®).  Carbon  di- 
oxide levels  were  controlled  at  a nominal  level  of 
16.9  kP  (5  in.  Hg)  pressure. 

The  prime  objectives  of  the  test  were  to  acquire 
background  data  and  to  exercise  the  data  manage- 
ment and  processing  techniques  for  selected  medi- 
cal experiments.  Other  test  objectives  included 
the  evaluation  of  medical  experiment  and  opera- 
tional equipment,  the  evaluation  of  operational 


procedures  and  the  training  of  support  personnel 
under  simulated  mission  conditions. 

Like  a flight  mission,  the  test  consisted  of  a 21- 
day  prechamber  phase,  a 56-day  chamber  test,  and 
an  18-day  postchamber  test  period.  All  preflight 
and  postflight  medical  protocols  were  performed 
with  astronaut  crewmen.  The  inchamber  test  por- 
tion of  the  program  was  carried  out  using  full 
mission  simulation  procedures,  and  included : crew 
checklist,  real-time  mission  planning,  and  data 
management.  The  communications  with  the  crew- 
men were  limited  to  a spacecraft  communicator, 
as  programed  to  be  carried  out  in  the  mission. 
Simulated  network  communications  were  followed 
to  evaluate  the  problems  of  lost  communica- 
tion between  flight  crew  and  mission  control  cen- 
ter, as  they  would  be  experienced  in  actual  flight. 
A remote  console  was  used  by  the  medical  team 
to  evaluate  the  problems  of  lost  communica- 
dures  for  flight.  This  test  program  was  successful ; 
the  required  baseline  data  were  obtained  and  the 
encountered  equipment  failures  and  problems 
were  corrected  prior  to  flight.  The  ground  support 
personnel  became  an  effective  team  ready  to  carry 
out  the  complex  flight  program. 

Premission  Support. — The  premission  support 
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Figure  1—11. — Skylab  medical  operations  program. 
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for  the  first  manned  mission  started  in  December 
1972  with  acquisition  of  the  first  baseline  data  for 
the  Lower  Body  Negative  Pressure  (M092,  ch. 
29)  and  Metabolic  Activity  (M171,  ch.  36)  ex- 
periments. Additional  baseline  tests  were  con- 
ducted in  support  of  the  medical  experiments  at 
designated  periods  up  to  approximately  1 week 
before  the  launch  of  Skylab  2.  These  baseline  data 
were  primarily  obtained  in  an  Orbital  Workshop 
one-gravity  trainer.  This  full  scale  trainer  con- 
tained fully  functional  medical  experiments  and 
other  operational  hardware.  Combined  crew  train- 
ing and  baseline  data  collection  were  conducted 
with  both  the  prime  and  backup  crewmen.  A re- 
mote medical  console  and  data  recording  system 
was  used  to  monitor  the  crewmen  during  training 
sessions  and  to  train  members  of  the  medical  team 
in  control  procedures  and  in  the  reduction  of  flight 
data.  This  combination  of  training  and  medical 
baseline  data  acquisition  was  excellent  for  both 
the  crewmen  and  medical  experimenter.  A com- 


prehensive medical  examination  of  both  the  prime 
and  backup  crews  was  given  30  days  before 
scheduled  launch  and  additional  baseline  data  were 
obtained  for  the  experiments. 

Twenty-one  days  before  launch,  the  crew  was 
placed  in  semi-isolation  (fig.  1-12)  to  meet  the 
requirements  of  the  Skylab  Crew  Health  Stabiliza- 
tion Program  (ch.  7).  The  objective  of  this  pro- 
gram was  to  protect  the  in-residence  flight  crew 
from  illnesses  which  might  cause  them  to  be  re- 
moved from  flight  status  and  to  preclude  exposure 
to  infectious  disease  which  could  develop  in  flight. 
All  personnel  who  were  required  to  work  with  the 
flight  crews  were  designated  as  primary  contacts. 
To  protect  the  crewmen,  these  personnel  under- 
went periodic  extensive  medical  examinations  and 
immunizations,  were  required  to  wear  a surgical 
mask  while  in  contact  with  the  crew,  and  were  re- 
quired to  report  all  personal  and  family  illnesses. 

Isolated  crew  quarters  were  established  and  per- 
sonnel access  into  designated  primary  work  areas 


Management  conference  with  Skylab  II 
crew  (1  week  before  launch) 


Medical  testing 
during  isolation 


Postflight 

isolation 


Figure  1—12. — Skylub  Health  Stabilization  Program. 
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was  rigidly  controlled.  The  Skylab  Crew  Health 
Stabilization  Program  was  effective  and  no  major 
problems  were  encountered. 

During  this  period  of  isolation,  the  crew  con- 
sumed foods  identical  to  those  provided  from  pre- 
planned in-flight  menus  (ref.  4).  Daily  collections 
of  urine  and  fecal  samples  were  initiated.  Medical 
examinations,  microbiological  and  blood  sampling, 
and  experiment  baseline  testing  were  continued  at 
the  Johnson  Space  Center  up  to  3 days  before 
launch  when  the  prime  and  backup  crews  were 
moved  to  the  Kennedy  Space  Center  for  the 
launch. 

In-flight  Operational  Support, — The  manage- 
ment of  the  in-flight  medical  operations  support 
and  the  necessary  interactions  with  program  man- 
agement personnel,  personnel  representing  the  sci- 
entific disciplines,  and  the  Flight  Control  Team 
were  accomplished  through  a medical  management 
group.  The  medical  group  met  each  morning  of 
the  mission  to  review  crew  health  status,  to  evalu- 
ate the  current  state  of  the  medical  studies,  to 
discuss  equipment  or  other  operational  problems, 
and  to  establish  changes  in  experiment  priorities. 
Health  trend  charts  were  plotted  each  day  (fig. 
1-13)  to  provide  experimental  data  which  were 
useful  in  understanding  crew  health  status.  These 
charts  included : crew  weight,  caloric  intake, 
quantity  of  sleep,  heart  rate  and  blood  pressure 
under  dynamic  stress,  urine  volume  output,  and 
other  pertinent  information.  The  chairman  of 
the  Medical  Management  Group  reported  to  a 
Flight  Management  Team  on  all  medical  matters 
and  participated  in  operational  decisions  such  as 
changing  crew  timelines,  adjusting  science  re- 
quirements to  insure  maximum  utilization  of  the 
crew  and  the  current  science  opportunities,  and 
to  provide  advice  on  major  operational  policy 
changes.  This  management  scheme  was  extremely 
effective  and  was  a key  factor  in  the  success  of 
the  Skylab  Program. 

The  in-flight  activities  of  Skylab  2,  illustrated  in 
figure  1-14,  shows  the  medical  activities  for  a 
typical  Skylab  mission.  The  first  2 to  3 days  of 
each  mission  were  spent  in  the  activation  of  the 
Orbital  Workshop.  These  activities  included  such 
tasks  as  system  checkouts  and  activation,  transfer 
of  equipment  from  the  command  module  to  the 
Orbital  Workshop,  changing  air  filters,  et  cetera. 

In-flight  medical  monitoring  of  the  crewmen 


started  at  launch  through  the  use  of  the  Opera- 
tional Bioinstrumentation  System  (app.  A,  sec. 
II. d).  The  bioinstrumentation  system  was  used  to 
monitor  the  crew  during  all  extravehicular  activi- 
ties. The  frequency  of  in-flight  medical  ex- 
periments and  tests  for  the  Skylab  2 crewmen  is 
also  indicated  in  figure  1-14.  Throughout  all  Sky- 
lab missions,  the  Lower  Body  Negative  Pressure 
(M092)  and  Metabolic  Activity  (M171)  experi- 
ments were  accomplished  approximately  every 
fourth  day.  Blood  samples  were  collected  weekly 
during  the  missions  and  biosampling  was  accom- 
plished daily. 

During  the  flight  phase,  real-time  monitoring  of 
the  medical  experiments  was  accomplished  only 
when  the  spacecraft  was  over  a tracking  station. 
This  meant,  in  some  instances,  there  was  a com- 
plete loss  of  communications  with  the  crew  and 
the  telemetered  data  during  medical  testing.  To 
overcome  this  problem,  all  experiment  data  were 
recorded  onboard  and  subsequently  telemetered 
through  the  tracking  stations  to  the  Mission  Con- 
trol Center.  The  use  of  software  programs  per- 
mitted automatic  computer  reduction  of  the 

Day  of  mission 
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Figure  1-13. — Skylab  crew  health  trend  chart — body 
wei§:ht. 
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experiment  data  with  a preliminary  data  printout 
to  the  experimeter  within  24  hours  after  comple- 
tion of  the  test.  During  the  last  few  days  of  all 
three  missions,  work/rest  cycles  were  changed  to 
adjust  the  circadian  rhythm  of  the  crewmen  to  the 
required  length  of  the  pre-entry  day  and  the  time 
of  spacecraft  splashdown. 

The  in-flight  portion  of  the  three  Skylab  mis- 
sions totaled  168  days  during  a 8.5-month  period. 
Throughout  this  long  and  arduous  period,  the 
interest,  enthusiasm,  and  concern  for  the  crew 
were  maintained  at  the  highest  level  by  all  mem- 
bers of  the  medical  and  program  management 
teams. 

Postflight  Activities. — The  recovery  procedure 
used  for  the  Skylab  crewmen  was  altered  from  the^ 
procedures  used  in  the  Apollo  Program.  Figure 
1-15  illustrates  how  the  Command  Module  and 
the  crew  were  retrieved  and  lifted  directly  on- 
board the  recovery  aircraft  carrier  and  how  the 
crew  egressed  onto  a platform  on  the  hangar  deck. 
Spacecraft  and  crew  retrieval  took  approximately 
35  minutes  from  time  of  splash. 

Specialized  mobile  laboratories  (fig.  1-16)  were 


developed  and  equipped  to  acquire  preflight  and 
postflight  medical  experiments  data.  The  labora- 
tories were  designed  and  constructed  to  be  moved 
in  a C-5A  transport  aircraft  and  thus  permit  the 
medical  team  to  cover  contingency  splashdown  in 
the  event  of  an  early  mission  abort.  For  a normal 
mission,  the  laboratories  were  flown  to  port  and 
were  lifted  onboard  the  recovery  carrier.  Six 
laboratories  made  up  the  laboratory  complex  and 
those  were  equipped  with  backup  support  systems. 


spacecraft  retrieval 


Figure  1—15. — Skylab  recovery  operations. 
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Figure  1-14. — Typical  in-flight  medical  activities  (Skylab  2). 
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i.e.,  electrical  power,  heating,  cooling,  et  cetera.  In 
addition,  a data  complex  was  included  which  per- 
mitted processing  of  medical  data  in  a format 
compatible  with  the  flight  data.  In  use,  the  mobile 
laboratories  proved  to  be  useful  facilities;  they 
added  to  the  convenience  of  the  medical  operations, 
they  were  operated  without  problems,  and  they 
provided  high  quality  medical  data. 

Medical  studies  were  initiated  immediately  after 
recovery  operations.  A summary  of  all  postflight 
activities  is  shown  in  figure  1-17.  The  recovery 
day  testing  for  Skylab  2 lasted  for  approximately 
10  hours  and  included  a comprehensive  medical 
examination  and  the  acquisition  of  data  for  all 
major  medical  studies  listed  in  figure  1-18.  In 
subsequent  missions,  the  length  of  an  over-long 
recovery  day  of  medical  studies  was  shortened  to 
reduce  crew  stress  and  fatigue. 


The  health  stabilization  program  was  followed 
throughout  the  first  week  following  recovery  to 
provide  protection  for  the  crew  from  any  infec- 
tious disease  that  might  result  from  a depressed 
immune  response  after  the  long  isolation  period 
of  the  flights.  In  all  Skylab  missions  postflight 
medical  testing  was  continued  until  preflight  con- 
trol levels  were  reached. 

Operational  Experience 

The  Skylab  Orbital  Workshop  was  launched  on 
May  20,  1973.  The  loss  of  the  micrometeoroid 
shield  exposed  the  skin  of  the  workshop  causing  an 
increase  in  internal  workshop  temperatures  and 
the  partial  deployment  of  the  solar  panels  reduced 
the  electrical  power  supply  available  for  experi- 
ments and  systems  operation.  The  Orbital  Work- 
shop failure  also  caused  a 10-day  delay  in  the 


Figure  1-16. — Skylab  mobile  laboratories. 
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launch  of  Skylab  2 which  impacted  the  medical 
program.  This  necessitated  that  the  health  stabili- 
zation, controlled  feeding,  and  biosample  collection 
be  extended.  The  exposure  of  the  skin  of  the  work- 
shop caused  an  elevation  in  both  wall  and  space- 
craft air  temperature.  The  plot  shown  in  figure 
1—19  illustrates  the  temperatures  in  the  food 
stowage  area  exceeded  327.59  K ( 130°  F) . In  the 
10-day  period  before  the  launch  of  Skylab  2,  a 
thermal  screen  was  developed  which  the  crew 
could  deploy  to  shield  and  insulate  the  orbital 
workshop.  In  the  intervening  time  period,  how- 
ever, the  increase  in  temperature  caused  the  fol- 
lowing concerns  to  the  medical  team; 

Would  the  foods  be  spoiled  or  changed  by  the 
elevated  temperatures? 

Would  other  medical  equipment  be  damaged  by 
the  increased  temperatures? 

Would  the  polyurethane  walls  of  the  workshop 
be  heated  to  a point  where  carbon  monoxide 
or  toluene  diisocyanate  would  be  emitted  into 
the  spacecraft  atmosphere? 

Immediate  action  was  taken  to  conduct  ground 
based  test  programs  or  to  develop  equipment  which 
the  crew  could  use  to  understand  and/or  solve  the 
problems. 


Food  test  programs  were  initiated  to  study  the 
effects  of  the  increased  temperature  on  microbial 
growth,  food  quality,  and  other  characteristics. 
Identical  foods  were  placed  in  thermal  chambers ; 
the  temperature  data  from  the  workshop  were 
used  for  a thermal  profile.  Periodic  food  sampling 
was  accomplished  to  ^determine  biological  and 
chemical  composition  changes,  and  the  thermal  ef- 
fects on  taste  and  palatability  were  evaluated.  No 
significant  food  failures  were  encountered  during 
these  tests  and  the  launch  of  Skylab  2 proceeded 
without  major  alterations  to  the  food  system.  The 
food  test  program  was,  however,  continued 
throughout  the  Skylab  Program  and  selected  food 
samples  were  returned  from  the  three  missions  for 
analyses. 

Similar  thermal  testing  was  accomplished  for 
many  miscellaneous  medical  items  such  as  elec- 
trode sensors,  sealed  containers,  et  cetera.  From 
these  tests,  it  was  determined  that  resupply  of 
certain  medications  would  be  carried  by  the  Sky- 
lab 3 crewmen.  Additional  procedures  and  equip- 
ment were  developed  which  allowed  the  crew  to 
reconstitute  the  electroencephalographic  electrodes 
on  the  sleep  study  caps. 

The  potential  toxicity  problems  associated  with 
the  overheating  of  the  workshop  polyurethane 
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Figure  1-17. — Typical  postfliglit  activities  (Skylab  2). 
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wall  insulation  also  was  studied  through  thermal 
testing.  It  was  determined  that  toluene  diisocya- 
nate and  carbon  monoxide  could  be  present  in  the 
atmosphere.  Therefore,  special  sampling  tubes  and 
adapters  were  built  in  the  10-day  period  between 
the  launches  of  the  Orbital  Workshop  and  Skylab 
2.  The  equipment  developed  permitted  the  crew  to 
withdraw  an  atmospheric  sample  from  the  airlock 
and  then  the  workshop  before  opening  the  hatch 
into  these  areas.  In  addition,  special  masks  were 
provided  to  allow  the  crew  to  move  into  the  or- 
bital workshop  if  the  toluene  diisocyanate  and/or 
carbon  monoxide  levels  so  dictated.  The  Skylab  2 
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crew  found  no  toluene  diisocyanate  and  the  carbon 
monoxide  concentration  was  less  than  five  parts 
per  million.  The  toxicological  aspects  of  the  Sky- 
lab Program  are  covered  in  more  detail  in  chapter 
10. 

The  Skylab  crew  deployed  the  first  thermal 
screen  on  the  second  day  of  their  mission  and 
immediately  the  Orbital  Workshop  wall  tempera- 
tures started  to  decrease.  Within  the  next  several 
days,  the  ambient  gas  temperature  had  dropped 
below  26.6°  C (80°  F).  The  elevated  temperature 
in  the  workshop  did  delay  the  start  of  some  medi- 
cal experiments  and,  no  doubt,  influenced  the  re- 
sults of  the  first  medical  studies.  However, 
through  the  efforts  of  the  Skylab  2 cre\vmen, 
the  mission  and  the  workshop  were  saved  from 
what  appeared  to  be  an  obvious  total  failure.  Sub- 
sequently, the  Skylab  3 crew  deployed  an  addi- 
tional thermal  screen  to  further  protect  the  Orbital 
Workshop  against  excessive  heat  changes  for  that 
mission  and  for  Skylab  4. 

Throughout  the  Skylab  Flight  Program,  altera- 
tions in  equipment  and  procedures  were  made  for 
each  succeeding  mission  to  capitalize  on  the  flight 
experience  of  the  previous  mission.  The  Skylab 
2 crew  recommended  that  the  personal  in-flight 
exercise  program  be  extended  in  both  duration 
and  type.  To  meet  this  recommendation,  the  exer- 
cise period  for  the  Skylab  3 crew  was  expanded 
from  one-half  hour  to  1 hour  daily  and  an  addi- 
tional exercise  device  was  launched  with  the  crew 
of  Skylab  3. 
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Figure  1-18. — Skylab  2 recovery  day  medical  testing. 


Figure  1-19. — Dry  food  temperature  profile. 
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On  Skylab  4,  the  duration  of  crew  exercise  was 
further  expanded  to  II/2  hours  daily  and  a unique 
treadmill  device  was  used  by  the  crew.  In  addition 
to  these  equipment-associated  changes,  additional 
scientific  studies  were  added  to  the  programs  for 
Skylab  3 and  4.  These  additional  studies  demon- 
strate the  flexibility  afforded  the  medical  team  and 
the  support  given  to  this  team  by  program  man- 
agement and  the  flight  crews. 

Conclusions 

Skylab  2,  the  first  manned  Skylab  mission,  was 
launched  on  May  25,  1973,  with  a crew  of  three: 
Charles  P.  Conrad,  Commander;  Joseph  P.  Ker- 
win.  Scientist  Pilot,  and  Paul  J.  Weitz,  Pilot.  After 
672  hours,  49  minutes,  and  49  seconds  in  flight, 
they  splashed  down  on  June  22, 1973.  The  crew  on 
Skylab  3 consisted  of  Alan  L.  Bean,  Commander ; 
Owen  K.  Garriott,  Scientist  Pilot,  and  Jack  R. 
Lousma,  Pilot.  This  second  manned  mission  began 
with  launch  on  July  28,  lasted  1427  hours,  9 min- 
utes, and  4 seconds  and  ended  with  splashdown 


on  September  25, 1973.  The  third  and  last  manned 
mission,  Skylab  4,  was  launched  November  16, 

1973.  The  crew,  Gerald  P.  Carr,  Commander,  Ed- 
ward Gibson,  Scientist  Pilot,  and  William  Pogue, 
Pilot,  spent  2017  hours,  15  minutes,  and  32  seconds 
in  flight  before  splashing  down  on  February  8, 

1974. 

The  Skylab  medical  program  met  or  exceeded 
all  of  the  planned  objectives.  The  medical  opera- 
tions were  conducted  without  any  major  problems 
and  the  medical  equipment  functioned  flawlessly. 
The  medical  data  received  from  the  crew  were  of 
excellent  quality  and  the  quantity  of  information 
available  from  these  three  missions  is  staggering 
when  viewed  in  its  entirety.  Skylab  represents  a 
significant  milestone  in  the  development  of  space 
medical  knowledge.  From  the  information  pre- 
sented, we  feel  confident  that  man  can  fly  longer 
missions  as  required  for  future  space  exploration. 
The  Skylab  crewmen  have  demonstrated  the  ver- 
satility and  ingenuity  of  man  to  make  repairs,  to 
carry  out  observations,  and  to  conduct  scientific 
studies. 
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CHAPTER  2 

Flight  Control  Experiences 

F.  Story  Musgrave  “ 


Medical  policies  and  decisions  were  made 
by  a multidisciplinary  medical-management 
team  early  every  morning.  Flight  surgeons  and 
biomedical  officers,  occupying  adjacent  consoles 
in  the  Mission  Operations  Control  Room,  were  re- 
sponsible for  the  medical  aspects  of  mission  con- 
trol. In  general,  the  flight  surgeons  were  concerned 
with  crew  health  and  the  biomedical  officers  were 
concerned  with  experiment  operations  and  data 
retrieval  although  these  functions  overlapped  in 
several  areas.  A Biomedical  Science  Support  Room 
manned  by  between  4 and  12  scientists  and  tech- 
nicians: 

Provided  support  for  the  flight  surgeons  and 
biomedical  officers; 

Retrieved  and  compiled  experiment  data ; 
Assisted  in  the  development  of  flight  plans ; and 
Contributed  to  in-flight  procedures  and  check- 
lists. 

On  each  mission,  at  least  one  of  the  spacecraft 
communicators  was  a physician  astronaut. 

During  the  dynamic  or  critical  phases  of  the 
missions,  such  as  launch,  extravehicular  activities, 
and  entry,  real-time  or  recorded  physiological  data 
from  the  crewmen  bioinstrumentation  systems, 
were  displayed  in  digital  or  graphic  form  on  the 
consoles  in  mission  control. 

Analog,  digital,  and/or  graphic  data  from  the 
medical  experiment  (s)  could  be  called  from  the 
mission  operations  computers  on  a real-time  or 

• NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas.  Dr.  Musgrave  is  a physician  astronaut.  He  was  one 
of  the  astronauts  instrumental  in  the  development  of  Sky- 
lab  medical  hardware,  the  backup  Scientist  Pilot  for  the 
first  manned  Skylab  mission,  and  a spacecraft  communi- 
cator for  the  last  two  manned  Skylab  missions. 


play-back  basis.  This  real-time  availability  of  data 
allowed  the  Earth-based  scientists  to  assist  the 
flight  crew  in  the  performance  of  medical  and 
other  experiments. 

A flight  plan  or  crew  activity  schedule  was  con- 
structed daily  from  approximately  150  experi- 
ments and  a multiplicity  of  systems,  housekeeping, 
and  maintenance  tasks.  Some  of  the  factors  con- 
sidered in  building  the  flight  plan  were : 

The  premission  frequency  requirements  for  the 
individual  experiments ; 

Crew  availability; 

Orbital  characteristics ; 

Target  availability ; and 

Scientific  priorities. 

Early  in  the  missions  the  flight  planning  was 
based  primarily  on  pre-established  mission  rules 
and  scientific  priorities.  Dynamic  variations  in  ex- 
periment performance  and  data  such  as  solar 
flares,  weather  over  an  Earth  resources  site,  the 
physiological  responses  of  the  crew  and  the  ap- 
pearance of  ‘‘targets  of  opportunity’'  such  as 
Comet  Kohoutek,  hurricanes,  and  volcanoes  caused 
many  changes  in  the  scientific  priorities  of  the 
missions. 

Flight  controllers  and  mission  managers  de- 
veloped a science  planning  program  based  on  the 
collected  requirements  and  desires  of  all  the  dis- 
ciplines, i.e.,  solar  physics,  medical.  Earth  re- 
sources, technology,  astronomy,  and  the  like.  A 
series  of  interdisciplinary  discussions,  negotia- 
tions, and  trade-offs  were  used  to  formulate  a 
flight  plan  which  would  optimize  the  scientific 
return  of  the  mission. 

Early  Skylab  crews,  through  increased  in-flight 
efficiency  and  effort,  were  consistently  ahead  of  the 
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flight  plans  and  experiment  time-lines  and  re- 
quested more  to  do.  While  there  existed  vehicular 
and  experiment  limitations  and  constraints,  crew 
availability  and  time  became  a surplus.  This  ex- 
cess of  crew  time  permitted  the  attainment  of  sev- 
eral new  and  additional  biomedical  objectives  by: 

Changing  experiment  protocols; 

Using  existing  hardware  in  new  ways ; 

Making  new  observations ; and 

Launching  additional  hardware  and  experiments 
on  subsequent  missions. 

Procedures  for  these  new  objectives  were  de- 
veloped, tested,  and  polished  in  ground-based  sim- 
ulations and  then  uplinked  via  the  spacecraft 
teleprinter  for  in-flight  implementation. 

Daily,  in  addition  to  the  private  crew-flight 
surgeon  conference,  a medical  status  report  de- 
rived from  voice  and  telemetered  experiment  data 


was  uplinked  to  the  crew  to  allow  them  to  follow 
physiological  trends  not  readily  available  in  the 
onboard  displays. 

On  a weekly  basis,  there  was  an  open-loop  con- 
ference between  the  crew  and  a scientist  from  the 
medical  science  community.  This  representative 
provided  the  flight  crew  with: 

A summary  of  the  data  being  obtained  on  their 
mission ; the  observed  trends ; 

A comparison  of  current  mission  data  with  that 
obtained  in  previous  missions  or  programs; 
and 

A mechanism  for  the  discussion  of  the  signifi- 
cance of  these  data. 

This  conference  served  as  a real-time  collo- 
quium on  space  physiology  and  medicine  for  the 
flight  crew  and  Earth-based  scientists. 
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CHAPTER  3 

Skylab  4 Crew  Observations 

Edward  G.  Gibson  “ 


For  us  the  ATM  observations  as  well  as  the 
medical  experiments  were  very  enjoyable  as- 
pects of  the  flight.  We  became  involved  in  under- 
standing the  objectives  of  the  medical  experiments 
and  could  see  some  progress  towards  these  goals 
as  the  flight  progressed.  The  experiments  were 
also  made  enjoyable  by  the  people  with  whom  we 
worked  who  were  very  cooperative  during  both 
the  initial  training  and  during  the  flight  itself.  We 
felt  that  the  medical  ground  team  was  always  be- 
hind us  in  two  ways : in  getting  the  medical  data 
and  in  making  sure  that  we  were  in  a reasonable 
condition  to  carry  out  all  the  other  objectives  of 
the  mission. 

As  the  ship's  doctor  for  Skylab  4,  Til  comment 
briefly  on  several  areas : food,  exercise,  scheduling, 
medical  training,  the  effects  of  the  fluid  shift, 
vestibular  effects,  and  several  miscellaneous  items. 

Food 

We  experienced  hunger  on  two  different  occa- 
sions because  of  the  types  of  diet  we  were  on.  In 
order  to  extend  our  mission  from  56  to  84  days, 
we  supplemented  our  meals  with  high-density 
food  bars  every  third  day.  During  those  days,  we 
had  the  same  amount  of  minerals  and  number  of 
calories  as  we  had  on  other  days  but  the  amount 
of  food  bulk  was  greatly  reduced,  so  we  ended  up 
fairly  hungiy  on  every  third  day.  Second,  we 
noticed,  especially  early  in  the  mission,  that  we 
tended  to  get  hungry  in  3,  4,  maybe  5 hours  after 

■ NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas.  Dr.  Gibson,  a scientist  astronaut  who  was  the 
Scientist  Pilot  on  Skylab  4,  is  a specialist  in  solar  physics. 
He  was  extremely  enthusiastic  about  the  Apollo  Telescope 
Mount  (ATM)  and  the  conduct  of  that  experiment  in  his 
mission. 


a meal  as  opposed  to  the  normal  6 to  7 hours  as 
one  does  on  Earth.  We  don't  know  whether  that 
was  an  effect  of  zero-gravity  or  whether  that 
effect  was  from  charging  real  hard  continuously 
the  first  couple  of  weeks. 

Another  effect  of  the  food  was  from  the  Mineral 
Balance  experiment  M071  (ch.  18).  It  was  a 
worthwhile  experiment,  but  it  certainly  did  have 
its  impact  on  the  food  system.  In  the  future,  we'd 
like  to  see  a food  system  where  there  would  be 
more  flexibility  of  choice  in  what  one  wants  to 
eat,  when  one  wants  to  eat  it,  and  how  one  wants 
to  season  it.  An  open  pantiy  versus  a preplanned 
rigid  diet  such  as  we  had  would  be  an  optimum 
situation  from  the  crew  operational  standpoint. 

Exercise 

As  already  has  been  mentioned,  we  exercised 
for  11/2  hours  a day.  I think  we  came  back  in  as 
good  a shape,  maybe  better  in  some  respects, 
than  the  previous  crews.  We  attribute  this  to  the 
experience  gained  on  the  other  flights.  First  of 
all  we  exercised  longer,  and  second,  we  knew 
just  what  exercises  we  should  do.  For  the  arms, 
we  used  a Mark  I exerciser,  which  is  an  inertial 
wheel  resistance  device.  It  worked  well.  For  the 
legs,  we  took  along  a new  device  which,  for  us,  I 
think  made  a significant  difference;  this  was  the 
Thornton  treadmill  which  is  described  in  chapter 
21.  We  were  able  to  exercise  the  calves  of  our  legs 
in  a way  which  just  couldn't  be  done  on  any  of 
the  other  devices  we  had  onboard.  Also,  for 
cardiovascular  conditioning,  we  worked  out  on 
the  bicycle.  We  were  glad  we  had  that  onboard 
because  we  always  felt  good  after  we  used  it. 
But  when  one  is  working  for  a long  time  on  the 
bike,  15,  20,  30  minutes  or  so  at  fairly  high  work- 
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loads,  one  needs  mental  diversion.  If  we  had  a 
window  right  by  the  bicycle,  it  would  have  been 
good.  We  did  use  a tape  recorder  and  music  and 
I found  the  music  stimulated  us  and  we  could  go 
a lot  longer  and  harder  with  it.  This  small  point 
changed  the  amount  of  exercise  which  we  could 
consistently  do. 

Scheduling 

There  has  been  a progressive  change  in  sched- 
uling during  the  manned  space  flight  programs 
from  the  early  types  of  flights  to  the  ones  we  had 
in  Skylab.  Mercury,  Gemini,  and  Apollo  were 
relatively  short,  high-effort,  go-to-the-hilt-for-a- 
short-period-of-time  missions.  To  plan  everything 
down  to  the  last  detail  is  the  best  way  to  fly  that 
type  of  mission.  Skylab,  however,  had  very  long 
missions.  One  had  to  become  a jack-of -all-trades, 
and  one  had  to  use  selective  judgment  in  gather- 
ing the  data  in  several  types  of  experiments.  That 
implies,  and  indeed  it  was  the  case  in  Skylab  4, 
that  in-flight  one  needs  a certain  time  to  organize, 
especially  early  in  the  mission.  This  is  detailed 
fully  by  Dr.  Owen  Garriott  in  chapter  17.  The 
other  two  Skylab  crews  reported  similarly  that 
one  needs  a certain  time  to  analyze  one's  situation 
and  to  develop  new  techniques,  whether  it  be  how 
to  completely  redo  an  experiment  technique  be- 
cause it  is  just  not  working  or  whether  there  is 
just  a better  way  to  hold  a checklist.  Early  in  the 
mission  something  like  2 to  3 hours  per  day 
would  have  been  useful  to  have  as  a time  to  get 
organized.  Shopping  list  items  could  be  used  to 
fill  any  left  over  time.  Allowing  the  crew  to  work 
up  to  their  peak  efficiency  gradually  versus  trying 
to  force  them  to  work  at  a predicted  efficiency 
should  produce  more  effective  results  for  the 
mission  as  a whole. 

Training 

In-flight  Medical  Support  System.  In  our  train- 
ing, we  learned  a little  bit  about  microbiological 
techniques,  extracting  teeth,  suturing,  and  the 
drawing  of  blood.  I felt  fairly  comfortable  with 
my  ability  to  do  any  of  the  procedures  in-flight 
had  we  needed  any  of  them.  We  certainly  did  do 
a lot  of  blood  drawing.  Fortunately,  we  did  not 
have  to  get  into  any  of  the  other  aspects : sutur- 
ing, tooth  extraction,  or  diagnosis  of  major  illness, 
although  we  did  have  a few  small  things  to  diag- 


nose. Preflight  we  had  some  training  from  the 
NASA  surgeons  and  some  of  the  physicians  in 
Houston,  and  they  were  always  enthusiastic  and 
exceptionally  helpful.  My  only  regret  is  that  we 
didn't  get  involved  with  it  earlier.  We  started 
training  only  after  we  were  pretty  heavily  in- 
volved in  all  of  the  other  mission  training  phases. 

Fluid  Shift 

This  is  perhaps  one  of  the  major  points  that 
we  are  still  pondering.  Early  in  the  flight  we 
experienced  a sensation  of  head  fullness.  This  is 
caused  by  a shift  of  the  body  fluids  to  the  upper 
part  of  the  body  when  one  first  enters  into  zero-g. 
One  notices  that  the  eyes  turn  red  which,  in  my 
case,  happened  after  about  a day  or  so.  The  eye 
sockets  themselves  become  a little  puffy,  the  face 
a little  rounder  and  a little  redder,  veins  in  the 
neck  and  forehead  become  distended  and  one's 
sinuses  feel  congested.  These  conditions  did  not 
change  significantly  in-flight,  they  just  tapered 
off.  The  eyes  gradually  cleared  but  the  congested 
sinuses,  while  not  too  bothersome,  were  always 
there.  On  our  flight  the  Pilot,  Bill  Pogue,  noticed 
the  effects  of  fluid  shift  during  the  rendezvous; 
he  had  the  head  fullness  during  the  docking,  ex- 
perienced some  headache  and  some  general  mal- 
aise and  felt,  as  he  described  it,  pretty  much  like 
he  had  the  flu.  To  be  helpful,  we  said,  ‘‘Bill,  why 
don't  you  have  some  food,  it  will  make  you  feel 
better."  He  took  some  tomatoes  and  very  shortly 
after  that  returned  them  to  us.  That  was  the  only 
episode  of  vomiting  we  had  on  our  flight.  After 
approximately  24  hours.  Bill's  headache  disap- 
peared. The  congestion  for  all  of  us  remained, 
although  I think  it  was  probably  a little  more 
severe  for  Bill.  The  Commander  and  I noticed 
this  feeling  of  head  fullness  and  the  accompanying 
symptoms  for  the  first  2 weeks  or  so.  For  the 
last  2 weeks  of  the  mission  the  Pilot  felt  good  and 
essentially  equivalent  to  100  percent  on  the  ground. 

Several  variables  were  observed  to  affect  the 
fluid  symptoms  and  the  sensation  of  head  fullness. 
One  was  exercise.  We  always  felt  a lot  better  for 
about  a half  hour  to  2 hours  after  we  exercised 
on  the  bicycle.  Perhaps  the  effect  of  just  drawing 
the  blood  down  into  the  larger  muscles  of  the  body 
took  it  away  from  the  head  and  left  it  feeling 
clearer.  The  Commander  on  our  flight  also  expe- 
rienced this  lessening  of  fullness  to  some  degree 
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after  eating.  The  last  effect  is  associated  with  the 
time  of  day.  As  on  Earth,  if  one  is  bothered  by 
something,  it  always  feels  worse  towards  the  end 
of  the  day;  the  same  was  true  up  there  with  the 
sensation  of  head  fullness. 

We  were  also  able  to  see  the  leg  volume  changes 
because  of  the  fluid  shift.  First  of  all,  we  could 
see  the  muscles  shrink  when  we  got  up  there.  It 
was  obvious  to  the  eye,  and  it  could  be  confirmed 
by  measurements.  A couple  of  times  we  measured 
the  calf  after  exercise  on  the  treadmill.  It  in- 
creased about  a half  inch  or  so  after  a reasonable 
amount  of  exercise  and  then  it  shrank  down  fairly 
rapidly  (15  to  30  minutes)  as  soon  as  we  stopped. 

When  we  used  the  Lower  Body  Negative  Pres- 
sure Device  in-flight,  the  distress  was  subjectively 
higher  than  on  the  ground.  This  effect  is  discussed 
in  chapter  29.  About  4 to  6 weeks  into  the  mission 
was  worst  for  us,  and  that,  too,  is  confirmed  by 
the  data.  We  used  the  symptoms  of  presyncope 
as  a cutoff  for  the  Lower  Body  Negative  Pressure 
test.  We  monitored  pulse  pressure  and  heart  rate, 
but  primarily,  we  used  the  subjective  symptoms 
of  the  individual.  In  some  cases,  the  pulse  pres- 
sure and  heart  rate  would  get  into  the  same  ranges 
as  they  had  been  on  a previous  day  for  that  in- 
dividual, but  he  might  say:  “No,  that’s  it.  I feel 
as  though  I’m  going  under  and  you  better  termi- 
nate now.’’  Other  times  we  could  go  right  through 
the  test  without  any  problem.  We  really  had  to 
consider  the  crew  symptoms  in  addition  to  all 
the  other  variables. 

Vestibular  Effects 

Preflight  we  flew  T38  aerobatics  primarily  to 
reduce  our  sensitivity  to  motion  sickness.  We  also 
did  some  work  in  a rotating  chair  with  the  use  of 
scopolamine/dexdroamphetamine  sulfate  (scop/ 
dex) . We  never  used  scop/dex  when  flying  a T38 
because  it  gave  us  a feeling  of  being  lightheaded 
and  we  did  not  want  to  be  flying  in  that  condition. 
The  preflight  T38  flying,  I thought,  was  the  most 
significant  part  of  our  vestibular-type  training. 
We  did  aileron  rolls  while  putting  our  heads  in 
one  of  six  different  orientations.  Fifteen  to  25 
rolls  in  a row  while  putting  the  head  down,  to  one 
side,  or  back,  or  one  of  the  three  opposite  direc- 
tions could  greatly  stress  one’s  semicircular  ca- 
nals. We  noticed  significant  improvement  in  our 
ability  to  tolerate  vestibular  stress  (airplane  and 


rotating  chair)  after  we  had  made  several  flights. 

Next  let  us  consider  the  relationship  between 
our  vestibular  stimuli  and  nausea  by  making  a 
comparison  between  myself  and  Bill  Pogue.  Bill 
did  get  sick  early  in  the  mission.  If  anybody  should 
not  have  gotten  sick,  it  was  Bill,  He  had  many 
years  of  flight  experience  and  used  to  fly  with  the 
Thunderbirds,  the  Air  Force  Aerobatic  demon- 
stration team.  When  he  was  first  tested,  he  was 
able  to  go  at  25  revolutions  per  minute  (r/min) 
in  the  rotating  chair  for  150  head  motions.  We 
called  him  “old  lead  ear.”  He  had  no  problem 
whatsoever  on  the  ground.  On  the  other  hand.  I’m 
relatively  new  at  the  flying  game.  I had  about 
2000  hours  of  flying  time  before  I went  up  and 
was  just  normal  in  my  tolerance  in  the  chair. 
Maybe  12.5  r/min  was  what  I could  take  initially, 
although  I was  able  to  work  up  to  30  before  I went 
because  of  the  T38  flying.  Both  of  us  did  about 
the  same  amount  of  moving  about  in  the  Command 
Module,  which  was  very  small.  But  Bill  got  sick 
after  about  7 or  8 hours  into  the  mission.  I ex- 
perienced minimal  symptoms  and  never  really 
anything  in  the  way  of  discomfort  at  all.  So,  the 
conclusion  here  is  that  we  have  got  to  look  for 
something  else  other  than  what  we  normally  call 
“motion  sickness”  as  a generator  of  nausea!  We 
suggest  fluid  shift  may  be  intricately  tied  up  in 
this  reaction. 

We  never  had  stomach  awareness  when  we  were 
up  there.  We  experienced  a sensation  of  tumbling 
after  we  were  in  the  rotating  chair  and  during 
acrobatics  in  the  workshop.  After  15  or  20  for- 
ward rolls  or  gainers  in  a row  I got  really  severe 
nystagmus  but  I never  had  any  coupling  to  the 
stomach. 

One  other  interesting  point  relating  to  the 
vestibular  area  was  our  in-flight  perception  of 
orientation.  For  example,  being  upside  down  in 
the  wardroom  made  it  look  like  a different  room 
than  the  one  we  were  used  to.  After  rotating 
back  to  approximately  45  degrees  or  so  of  the 
attitude  which  we  normally  called  “up,”  the  at- 
titude in  which  we  had  trained,  there  was  a very 
sharp  transition  in  the  mind  from  a room  which 
was  sort  of  familiar  to  one  which  was  intimately 
familiar.  All  of  a sudden  it  was  a room  in  which 
we  felt  very  much  at  home  and  comfortable  with. 
We  observed  this  phenomenon  throughout  the 
whole  flight.  I also  noticed  the  feeling  of  “down.” 
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I experienced  it  a couple  of  times  when  I was 
working  in  the  multiple  docking  adapter  or  the 
airlock.  When  moving  around  in  those  vehicles, 
I attached  no  direction  to  my  motion  at  all.  But, 
after  I looked  out  the  window  for  a long  period 
of  time,  in  particular  the  window  for  the  Earth 
Resources  Experiment  Package,  and  then  moved 
away  from  the  window  and  looked  from  the  mul- 
tiple docking  adapter  to  the  airlock,  I strongly 
felt  that  I was  looking  ‘‘down.’^  In  the  back  of  my 
mind  I said,  ‘‘Pm  going  to  fall  if  I don't  hold  on." 
Of  course,  I knew  that  it  was  not  true,  and  just 
pressed  right  on.  But  that  thought  did  flicker 
through  my  mind  several  times.  The  other  ^^down" 
I noticed  was  a very  exhilarating  one,  and  that 
was  outside  during  the  extravehicular  activities. 
When  I went  out  to  the  end  of  the  Apollo  Tele- 
scope Mount,  had  my  feet  in  the  foot  restraint 
and  leaned  back,  I felt  very  far  away  from  the 
space  station.  I no  longer  felt  a part  of  it,  and 
when  I looked  down,  I suddenly  realized  that  it 
really  was  a very  long  432  kilometers  (270  mi). 

On  return,  we  first  experienced  one-gravity 
after  84  days  in  weightlessness,  during  the  first 
deorbit  burn.  We  all  noticed  a rather  strange 
sensation  in  the  inner  ear.  It  was  like  a tumbling 
sensation,  similar  to  what  one  gets  when  lying 
on  a table  and  someone  puts  cold  or  warm  water 
in  your  ear.  We  did  not  feel  that  we  were  tumbling 
in  a given  direction;  it  was  just  an  awareness  of 
a sensory  input  that  we  had  not  experienced  for 
a very  long  period  of  time  although  we  had  no 
real  parallel  to  that  sensation  on  the  ground.  After 
recovery,  we  found  rapid  head  movements  pro- 
duced vertigo.  Most  crews  have  noticed  this.  Also, 
the  brain  did  not  seem  to  be  coupled  to  the  mus- 
cles in  the  same  way  as  it  was  before  we  left; 
that  is,  we  all  felt  very  heavy.  Every  movement 
we  made  had  to  be  worked  at;  rolling  over  in 
bed,  moving  an  arm,  walking;  all  had  to  be  made 
with  conscious  effort.  This  lasted  for  a couple  of 
days  and  was  more  severe  at  the  beginning  than 
at  the  end  of  those  2 days.  We  could  go  around 
corners  fairly  well,  if  we  were  careful.  We  tended 
to  walk  with  our  feet  spread  apart.  I think  that 
had  we  had  any  contingency  on  the  return  we 
would  have  been  able  to  handle  those  which  we 
had  planned  for,  but  certainly  we  were  a bit  less 
able  to  handle  them  than  when  we  left.  This  was 
to  be  expected,  and  I still  think  we  all  felt  fairly 


comfortable  as  we  got  out  of  the  Command 
Module. 

We  all  felt  very  thirsty  on  the  recovery  ship 
despite  the  fact  that  we  had  really  forced  the 
fluids  before  we  returned.  This  was  an  expected 
reaction. 

After  return  to  one-g,  the  joints,  especially  the 
knees,  felt  sore  after  a little  exercise.  My  leg 
muscles  were  sore;  for  the  Commander,  it  was 
his  back. 

Miscellaneous  Items 

I did  notice  a ballistocardiographic  effect  a 
couple  of  times  when  I was  trying  to  take  pictures 
through  a window  and  was  just  holding  on  to  the 
adjoining  structure  rather  lightly;  I noticed  that 
the  whole  Skylab  cluster  was  beating  at  around 
60  beats  per  minute.  This  was  evidenced  several 
times.  It  required  that  I hold  myself  down  rather 
fiiTnly  to  get  around  this. 

Many  of  us  noticed,  subjectively  and  without 
taking  measurements,  that  the  fingernails  and  toe- 
nails tended  to  grow  a little  bit  slower  in-flight. 
Rather  than  trimming  them  once  a week  it  was 
on  the  order  of  once  a month  or  so. 

We  all  experienced  light  flashes.  We  noticed  on 
our  flight  that  they  were  well  correlated  with  the 
South  Atlantic  anomaly.  After  some  major  flares 
on  the  Sun  during  one  night,  we  saw  a high  num- 
ber of  flashes.  Most  of  them  appeared  as  a white, 
double-elongated  flash,  perhaps  double  in  some 
cases  as  other  people  have  described,  and  Bill 
Pogue  and  I also  saw  the  ones  that  looked  like  a 
whole  multitude  of  pollywogs;  very  short  ones, 
many  of  them  of  low  intensity.  For  us,  the  latter 
kind  occurred  on  the  second  orbit  after  we  saw 
the  very  bright  ones,  suggesting  they  are  of  lower 
energy  but  of  many  more  particles.  Also,  I saw 
one  green  flash.  Not  a slightly  green  flash  but  a 
good  old  St.  Patrick's  Day  green  flash,  and  ex- 
ceptionally bright. 

It  was  a surprise  to  us  that  we  had  no  major 
illness,  especially  on  our  flight.  We  were  working 
hard  most  all  the  time  and  got  rather  tired.  We 
stayed  tired  for  about  the  first  half  to  two-thirds 
of  the  mission.  If  we  had  done  that  on  the  ground, 
I don't  think  we  would  have  gotten  by  without 
getting  at  least  a ‘"good"  cold.  Up  there,  we  did 
not  have  any  major  problems  and  I cannot  specu- 
late the  reason  for  it. 
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We  all  found  it  was  useful  to  sleep  using  the 
device  that  we  had  up  there.  It  was  a cot  outfitted 
with  four  straps  which  held  us  down  and  made  us 
feel  as  though  we  were  sleeping  in  something 
similar  to  bed.  On  several  occasions,  I tried  sleep- 
ing by  just  floating  free  in  the  workshop.  It  was 
kind  of  fun,  but  I could  only  catnap  that  way.  I 
floated  pretty  much  with  my  arms  out,  as  I would 
in  a relaxed  position  underwater.  I’d  mash  into  a 
wall  rather  slowly  and  5 minutes  later  come  up 
against  another  one.  My  mind  was  always  half 
awake,  waiting  for  the  next  contact.  I could  never 
really  get  a sound  sleep  that  way. 


The  duration  of  our  mission  was  84  days.  We 
felt  that  we  could  have  gone  significantly  longer 
than  that,  on  the  order  of  a year,  from  the  crew 
standpoint.  We  felt  good  physically,  especially  the 
last  month.  Part  of  this  feeling  of  well-being  re- 
sulted from  having  achieved  the  necessary  effi- 
ciency to  become  comfortable  with  our  schedule. 

We  have  learned  from  Sky  lab  that  man  makes 
his  best  contributions  on  tasks  which  use  his 
intellect  and  require  his  judgment  and  that  his 
proficiency  on  these  types  of  tasks  increases  with 
mission  duration.  Thus,  there  should  be  strong 
motivation  for  future  long-duration  missions. 
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Skylab  2 Crew  Observations  and  Summary 

Joseph  P.  Kerwin 


IT  IS  REALLY  NICE  to  talk  to  the  other  crews  and 
find  out  how  consistent  one’s  descriptions  of 
the  signs  and  symptoms  of  weightlessness  are. 
The  environment  is  the  same  so  it  is  just  a matter 
of  describing  it  in  different  words  or  different 
similes. 

There  are  two  major  themes  that  run  through 
my  mind.  Number  one,  of  course,  is  that  it  really 
is  extremely  clear  to  an  individual,  when  he  is  in 
weightlessness,  that  rather  profound  changes  are 
rapidly  taking  place  in  his  body.  One  feels  this 
strange  fullness  in  the  head  and  this  sensation 
of  having  a cold,  and  one  sees  the  puffy  look  on 
the  faces  of  his  fellow  crewmen  and  hears  their 
nasal  voices.  He  feels  his  body  assume  the  strange 
posture  that  one  has  in  weightlessness,  with  the 
shoulders  hunched  up,  the  hands  out  in  the  front 
and  the  knees  bent.  Sleeping  in  that  posture  is 
not  comfortable  initially  but  every  time  one  re- 
laxes, one’s  body  goes  back  to  that  posture.  One 
can  almost  see  the  fluid  draining  out  of  the  legs 
of  his  fellow  crewmen  making  them  look  little 
and  skinny  like  crows’  legs,  and  one  knows  that 
one’s  physiology  is  changing.  But  that  wasn’t  the 
primary  theme.  The  primary  theme  was  one  of 
pleasant  surprise  at  all  the  things  that  didn’t 
change,  at  all  the  things  that  were  pleasant  and 
easy  to  do.  As  Crew  Commander  Pete  Conrad 
pointed  out,  we  lost  a few  bets  up  there  because 
of  our  appetites.  The  very  first  system  that  gave 
us  a pleasant  surprise  was  the  vestibular  system. 
All  of  us  keep  talking  about  it  because  not  only 
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was  it  SO  different  from  what  was  expected  but 
it  remains,  subjectively,  one  of  the  primary  mem- 
ories that  one  gets  from  this  ‘‘Alice  in  Wonder- 
land” world  of  weightlessness. 

Our  crew  was  fortunate  enough  not  to  run  into 
the  motion  sickness  problem  in  any  clinical  or 
full-blown  form.  Therefore,  among  our  first  pleas- 
ant or  different  impressions  was  the  impression 
of  a very  changed  relationship  between  ourselves 
and  the  outside  world  and,  I would  say  there  was 
no  vestibular  sense  of  the  upright  whatsoever.  I 
certainly  had  no  idea  of  where  the  Earth  was  at 
any  time  unless  I happened  to  be  looking  at  it.  I 
had  no  idea  of  the  relationship  between  one  com- 
partment of  the  spacecraft  and  another  in  terms 
of  a feeling  for  “up  or  down” ; this  has  some  pe- 
culiar effects  when  one  passes  from  one  compart- 
ment into  the  other  and  walls  turn  into  ceilings 
and  ceilings  turn  into  floors  in  a very  arbitrary 
way.  But  all  one  had  to  do  is  rotate  one’s  body  to 
the  more  familiar  orientation  and  it  all  comes  to 
right.  What  one  thinks  is  up,  is  up.  After  a few 
days  of  getting  used  to  this,  one  plays  with  it  all 
the  time;  one  just  stands  there  and  does  a slow 
roll  around  his  bellybutton.  The  feeling  is  that  one 
could  take  the  whole  room  and  by  pushing  a but- 
ton, just  rotate  it  around  so  that  the  screens  up 
here  would  be  the  floor.  It’s  a marvelous  feeling  of 
power  over  space — over  the  space  around  one. 
Closing  one’s  eyes  made  everything  go  away.  And 
now  one’s  body  is  like  a planet  all  to  itself,  and 
one  really  doesn’t  know  where  the  outside  world 
is.  The  first  time  I tried  it,  my  instinct  was  to  grab 
hold  of  whatever  was  nearest  and  just  hang  on, 
lest  I fall.  It  was  the  only  time  in  the  mission 
when  I had  anything  like  a sensation  of  falling. 
I was  telling  that  to  my  wife,  and  she  pointed  out 
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that  that's  like  the  reflex  that  a baby  has.  When 
you  begin  to  drop  it,  it  just  reaches  out  and 
clutches.  And  we  thought,  it  would  be  nice  to  write 
a story  about  a sort  of  evolution  of  the  human 
being  in  zero-g,  because  one  certainly  gets  used 
to  it  in  a hurry  and  it  certainly  is  different.  You 
will  read  in  great  detail  in  chapter  11  about  the 
third  and  last  effect  of  weightlessness,  the  effect 
on  the  vestibular  system.  Ed  Gibson  alluded  to 
this  effect  in  chapter  3 where  he  states  that  rota- 
tion and  head  movement  in  weightlessness  do  not 
elicit  motion  sickness.  I don't  believe  Dr.  Graybiel 
will  state  it  quite  that  strongly,  but  certainly  we 
never  reached  the  threshold.  And  that  was  most 
surprising. 

Another  very  pleasant  surprise  was  our  ability 
to  maintain  physical  fitness — our  ability  to  main- 
tain the  same  exercise  level  as  we  had  been  main- 
taining on  the  ground.  I really  don't  think  that 
any  of  us  expected  that  before  the  flight  as  we  felt 
that  the  combination  of  reduced  mechanical  effi- 
ciency and  muscular  deterioration  or  atrophy  was 
definitely  going  to  reduce  our  ability  to  work  on 
the  bicycle.  Well,  we  were  wrong  again.  Once  we 
had  mastered  the  technique  or  the  mechanics  of 
how  to  ride  a bicycle  in  a weightless  condition, 
which  took  us  about  10  days,  we  found  that  es- 
sentially we  remained  at  the  preflight  baseline 
throughout  the  mission.  I believe  some  of  the 
crewmen  on  the  subsequent  flights  increased  their 
ability  to  do  that  particular  task,  simply  through 
a training  effect,  and  that  was  a very  pleasant 
surprise. 

To  me,  the  most  astonishing  thing  was  our 
ability  and  desire  to  pack  in  the  groceries,  and 
there's  a long  preflight  history  to  that.  We  fought 
and  scratched  with  the  Principal  Investigators 
on  that  diet  for  4 or  5 years.  We  finally  settled 
on  an  in-flight  diet  estimation,  which  kind  of  went 
like  this:  We  had  several  6-day  periods  of  food 
intake  measurement  prior  to  the  flight.  These  data 
were  taken  and  were  modified  by  certain  standard 
height/weight/surface  area  tables,  and  so  forth, 
to  get  a best  estimate  of  our  average  caloric  in- 
take, and  then  we  subtracted  300  kilocalories  from 
that.  Most  of  us  were  certain  that  even  that 
amount  of  food  was  going  to  be  too  great.  And  lo 
and  behold ! We  discovered  that  after  a few  days 
of  decreased  appetite  in  flight  we  were  able  to  eat 
all  our  food.  Indeed,  as  the  missions  progressed 


the  amount  of  food  the  crew  was  allowed  to  eat 
increased  and  their  exercise  increased,  they  were 
essentially  eating  the  same  amount  of  food  as  they 
ate  on  the  ground.  That  to  me  is  a mystery.  I still 
don't  understand  how  in  an  environment  in  which 
certainly  muscular  work  is  reduced,  the  caloric 
demand  and  the  relationship  between  caloric  in- 
take and  body  weight  remain  just  about  the  same 
as  they  do  on  the  ground,  I think  that's  a very 
interesting  problem  that  we  haven't  yet  been  able 
to  solve. 

The  first  step  in  a rational  description  of  the 
physiology  of  weightlessness  is  a medical  history 
and  physical  examination.  This  we  follow  with 
laboratory  findings  and  the  clinical  course  of  the — 
I hate  to  call  it  a disease  because  it's  not — but,  of 
this  change.  Such  a description  has  many  uses,  not 
the  least  of  which  will  be  to  permit  the  diagnosis 
of  disease  in  weightlessness,  where  the  presenting 
signs,  symptoms,  and  so-called  normal  laboratory 
values  are  going  to  be  different.  Now  our  sample 
population  has  been  much  too  small  to  have  expe- 
rienced significant  illness  in  orbit,  and  it's  been 
too  small  to  allow  us  to  predict  changes  in  the 
incidence  of  diseases  or  the  course  of  diseases  due 
to  the  weightless  environment.  I think  this  is  a 
matter  of  time  and  that  these  are  the  kind  of 
things  we  need  to  know  in  order  to  fly  frequently 
and  to  fly  for  long  durations  and  to  make  space 
flight  in  the  Shuttle  era  and  beyond  a routine 
event,  because  we  do  not  want  to  place  physical 
limitations  on  our  crews  and  our  visiting  scien- 
tists. There  are  many  examples  that  come  to  mind : 
for  instance,  when  you  fly  older  people,  what  is 
the  rate  at  which  they  wash  out  nitrogen  when 
they  prebreath?  Does  it  change  merely  as  a func- 
tion of  age,  or  is  it  because  physical  fitness  and 
obesity  come  into  the  picture,  too?  We  don't  know. 
That's  a small  data  point  that's  going  to  be  op- 
erationally important  to  us  when  we  begin  to  fly 
people  in  their  50's  and  their  60's.  I think  the  first 
step  is  to  use  animal  subjects  to  make  the  measure- 
ments necessary  to  clear  up  the  picture,  and  to 
observe  the  response  of  animals  to  various  chal- 
lenges. I think  the  effect  of  hypoxia  in  weight- 
lessness would  be  very  interesting  to  observe. 
Certainly,  I'd  love  to  see  whole  generations  of 
animals  reared  and  exposed  to  weightlessness  for 
their  entire  lifespan,  to  see  how  far  this  evolu- 
tionary process  will  really  go.  And  I think  eventu- 
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ally  we  will  get  to  the  point  where  we  will  dare  to 
study  disease  states,  first  in  animals  and  then  in 
human  beings.  I think  that  by  studying  a disease 
in  weightlessness,  we  will  learn  more  about  both 
the  environment  and  the  disease.  There  are  many 
possibilities:  from  fundamental  studies  on  cor- 
onary and  pulmonary  perfusions,  to  bone  and  soft 
tissue  healing,  to  the  effect  of  drugs,  hypoxia,  and 
radiation,  to  observations  on  the  course  of  stasis 
ulcers  and  to  how  does  edema  in  right  heart  fail- 
ure behave  in  this  environment.  If  we  can  make 
fundamental  advances  in  any  one  of  those  sub- 
jects, we'll  pay  the  freight  for  the  whole  medical 
program.  I feel  that  an  imaginative  approach  to 
medical  research  will  have  an  opportunity  to  be 
used  in  the  80's. 

As  a human  subject  for  this  kind  of  research, 
I would  like  to  conclude  with  a few  observations. 
We  had  a super  relationship  with  the  medical  team 


on  Skylab.  Each  and  every  investigator  was 
competent,  efficient,  and  thoughtful  of  us,  the 
subjects.  Only  en  masse,  were  they  ever  a bit 
overwhelming,  as  when  on  recovery  day  everybody 
wanted  that  significant  data — ‘‘right  now."  Medi- 
cal research  on  Skylab  has  helped  us  to  document 
that  human  beings  can  operate  efficiently  in  space. 
It's  this  fact,  rather  than  medical  research  per  se 
that  will  justify  continuation  of  manned  space 
programs.  It  appears  that  man's  potential  effi- 
ciency in  zero-g  is  as  high  as  it  is  any  place  else. 
The  degree  to  which  this  potential  is  realized  is 
a function  of  the  experience  and  training  of  the 
crew  and  of  the  degree  to  which  their  needs  are 
met  in-flight.  Thus,  the  function  of  medicine  is 
not  only  to  discover  those  needs  but  to  meet  them. 
And  the  research  program  we  design  must  hamper 
the  crew's  efficiency  as  little  as  is  possible  and 
still  get  the  data. 
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Skylab  Crew  Health  — Crew  Surgeons’  Reports 


Jerry  R.  Hordinsky  “ 


PRIOR  TO  THE  FLIGHTS  of  the  various  Skylab  mis- 
sions, the  Crew  Surgeons  had  responsibility 
for  the  following  medical  areas : 

To  supervise  the  health  of  the  Skylab  crew- 
members and  their  families. 

To  render  clinical  assistance  in  the  development 
of  the  In-flight  Medical  Support  System 
(IMSS)  checklist  and  equipment,  as  well  as 
to  monitor  the  crew  IMSS  training  programs 
at  the  various  professional  training  sites. 
To  conduct  IMSS  drug  sensitivity  testing  (top- 
ical and  oral) , and  electrocardiographic, 
vectorcardiographic,  and  electroencephalogra- 
phic  skin  sensor  sensitivity  testing. 

To  monitor  medical  experiment  baseline  data. 

During  the  preflight,  in-flight,  and  postflight 
periods,  the  Crew  Surgeons  gave  careful  surveil- 
lance to  the  following  areas  of  medical  concern : 

Illness  events  and  required  medications; 
Trends  in  the  Flight  Crew  Health  Stabilization 
Program ; 

Nutrition — intake  and  output; 

Personal  daily  exercise; 

Work/rest  schedules;  and 
Sleep  periods,  quantity/quality. 

During  the  flight  phase  of  the  Skylab  missions, 
the  Crew  Surgeons  relied  to  a great  extent  on  the 
daily  private  medical  conference  with  the  crews 
over  an  air-to-ground  loop  from  the  NASA  Mis- 
sion Control  Center  to  monitor  crew  health.  For 
continuous  clinical  evaluation  of  the  crew,  the 
Crew  Surgeon  had  access  to  medical  parameters 
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derived  from  the  experiment  data  and  was  also 
dependent  on  the  following  monitored  areas  for 
clinically  related  information : 

Radiological  health, 

Skylab  environmental  data,  including  toxico- 
logical evaluation;  and 

Medical  data  obtained  from  the  Operational 
Bioinstrumentation  System  during  the  sched- 
uled extravehicular  activities. 

Postflight,  the  Crew  Surgeon  coordinated  all  the 
medical  activities  relating  directly  to  the  crew. 
He  was  the  medical  team  leader  on  the  recovery 
ship  and  had  prime  responsibility  for  the  con- 
tinuous clinical  care  of  the  crew  especially  during 
the  medical  experiments,  and  later  at  Johnson 
Space  Center. 

Skylab  2 

Medical  examinations  performed  on  the  three 
crewmen  at  specified  intervals  beginning  40  days 
preflight  did  not  reveal  any  major  change  in  any 
crewmember’s  health  status.  They  remained  in 
good  health  throughout  the  preflight  phase,  ex- 
cept for  the  Pilot  who  developed  a 24-hour  illness 
resembling  a viral  gastroenteritis  about  1 month 
before  flight,  just  coincident  with  the  initiation 
of  the  Flight  Crew  Health  Stabilization  Program. 

In-flight,  on  mission  day  1,  the  Commander 
developed  a left  serous  otitis  media,  which  re- 
quired the  extended  use  of  an  oral  decongestant 
as  well  as  a topical  nasal  decongestant.  On  mis- 
sion days  3 through  7,  the  Commander  also  used 
a topical  steroid  cream  to  relieve  the  symptoms 
of  a probable  mild  contact  dermatitis  of  his  right 
arm.  Complying  with  a preflight  decision,  the 
Scientist  Pilot  took  one  scopolamine/dextroam- 
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phetamine  sulfate  capsule  just  after  insertion,  and 
the  medication  was  not  repeated.  Prior  to  extra- 
vehicular activity,  the  Scientist  Pilot  and  the  Pilot 
utilized  a topical  nasal  decongestant  prophylac- 
tically ; the  Pilot  also  took  a systemic  decongestant. 

No  significant  arrhythmias  developed  in-flight. 
Early  terminations  of  the  Lower  Body  Negative 
Pressure  experiment  (ch.  29)  by  the  Scientist 
Pilot  and  Pilot  were  sporadic,  and  in  this  mission 
the  maximum  level  of  exposure  to  lower  body 
negative  pressure  was  reduced  following  early 
termination  of  the  Lower  Body  Negative  Pressure 
test. 

The  Commander  and  Pilot  took  hypnotic  medi- 
cation of  choice  on  the  night  of  mission  day  27  to 
help  accommodate  a change  to  their  work/rest 
schedule  for  entry  and  splashdown.  Entry  itself 
on  the  29th  day  was  nominal.  Postsplash  (on  the 
water)  the  heart  rates  were:  Commander,  84; 
Scientist  Pilot,  84;  and  Pilot,  76  beats  per  min- 
ute. Aboard  the  ship  on  recovery  day  vertigo, 
postural  instability  (especially  with  eyes  closed), 
reflex  hyperactivity,  and  paresthesias  of  the  lower 
extremities  were  prominent  findings.  The  Scien- 
tist Pilot  developed  seasickness  while  still  in  the 
Command  Module  and  the  most  prominent  symp- 
toms cleared  in  4 to  6 hours.  Scaling  of  the  skin 
of  the  hands  was  noted  on  the  Commander  and 
the  Scientist  Pilot.  The  Pilot  experienced  a vagal 
response  (decreasing  heart  rate,  pale  and  sweaty 
appearance)  in  the  recovery  period  of  the  Meta- 
bolic Activity  experiment  (ch.  36),  which  lasted 
just  a few  minutes.  Muscle  and  joint  soreness, 
generally  confined  to  the  lower  back  and  lower 
extremities,  were  first  noted  on  the  first  day  post 
recovery.  During  the  ongoing  postflight  period  of 
surveillance,  no  significant  medical  problems  de- 
veloped as  an  apparent  result  of  the  long  duration 
in  weightless  space  flight.  No  drugs  were  taken 
except  for  vitamins. 

Skylab  3 

Preflight,  no  infectious  diseases  or  other  medical 
problems  were  experienced  by  the  crew  during  the 
30-day  preflight  period,  the  last  21  days  of  which 
included  the  Flight  Crew  Health  Stabilization 
Program. 

Launch  and  orbital  insertion  were  nominal. 
Shortly  after  orbital  insertion,  the  Pilot  began  to 
experience  nausea;  this  was  aggravated  by  head 


movement.  One  hour  after  insertion,  the  Pilot  took 
an  antimotion  sickness  capsule,  scopolamine/ 
dextroamphetamine  sulfate,  with  good  relief.  The 
crew  entered  the  Orbital  Workshop  9 hours  and  45 
minutes  after  lift-off.  Following  strenuous  work  to 
activate  the  Orbital  Workshop,  the  Pilot  vomited 
once.  During  the  second  mission  day,  the  Com- 
mander and  Scientist  Pilot  also  experienced  some 
motion  sickness  during  continued  Orbital  Work- 
shop activation;  they  took  scopolamine/dextro- 
amphetamine sulfate,  as  required,  for  alleviation 
of  symptoms.  This  indisposition  caused  a loss  of 
work  time  during  the  first  3 days  of  flight.  Two 
additional  days  elapsed  before  all  symptoms  had 
dissipated.  Since  medical  experiments  were  not 
run  until  mission  day  5,  subjective  voice  reports 
by  the  crew  were  the  only  means  of  health  assess- 
ment during  this  time.  On  mission  day  5,  after  the 
first  medical  experiments  were  conducted,  objec- 
tive clinical  data  were  available  to  aid  in  evaluat- 
ing the  crew’s  health.  In  general,  the  crewmembers 
remained  in  excellent  health  except  for  a few  minor 
clinical  problems  and  rare  sporadic  early  termina- 
tions of  the  Lower  Body  Negative  Pressure  experi- 
ment by  the  Commander  and  the  Scientist  Pilot. 

The  Pilot  reported  a painless  sty  on  the  left 
upper  eyelid  on  mission  day  29,  which  responded  to 
an  ophthalmic  antibiotic  ointment  and  cleared  by 
mission  day  32.  On  mission  day  33,  the  Com- 
mander reported  the  beginning  of  a boil  under  his 
right  arm.  Instructions  from  the  ground  to  the 
Commander  were  to  avoid  using  stick-type  de- 
odorant, and  the  wearing  of  garments  which 
fitted  tightly  under  the  arms.  No  medications  were 
recommended  and  the  condition  cleared  in  about 
48  hours.  A recurrence  of  the  boil  in  approximately 
the  same  area  on  mission  day  50  again  lasted  only 
48  hours,  and  did  not  require  any  medication. 

The  crew  maintained  high  levels  of  daily  exer- 
cise during  the  mission.  Extravehicular  activities 
were  successfully  completed  on  mission  days  10, 
28,  and  57  without  medical  problems. 

The  crew  slept  6 hours  on  the  night  prior  to 
entry  and  were  awake  approximately  15  hours 
prior  to  splashdown  on  mission  day  60.  The  Scien- 
tist Pilot  took  an  antimotion  sickness  capsule 
approximately  40  minutes  prior  to  the  entry  burn, 
while  the  Commander  and  Pilot  took  their  anti- 
motion sickness  medication  approximately  5 to  10 
minutes  after  the  burn.  Prior  to  the  burn,  all 
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three  crewmen  inflated  their  orthostatic  counter 
measure  garments.  The  entry  was  nominal.  At 
about  20  to  30  minutes  after  splashdown  while 
still  in  the  Command  Module,  the  Scientist  Pilot 
checked  the  pulse  rate  of  each  crewman  and  ob- 
tained the  following  values:  Commander,  88;  Sci- 
entist Pilot,  70;  and  Pilot  62  beats  per  minute. 
Pulse  checks  by  the  Crew  Surgeon  immediately 
after  the  Command  Module  was  aboard  the  re- 
covery ship  were  similar.  Blood  pressures  were 
within  acceptable  ranges  for  these  crewmen.  All 
thi’ee  crewmen  egressed  the  Command  Module  on 
their  own  power. 

Postflight  the  cardiovascular  deconditioning  ob- 
served was  carefully  documented,  but  no  clinically 
serious  events  occurred.  As  in  Skylab  2,  vertigo, 
postural  instability,  hyperreflexia,  dry  skin,  and 
slight  Assuring  of  the  hands  were  noted.  On  re- 
covery, a previous  back  strain  suffered  by  the 
Commander  recurred  from  a situation  combining 
“lifting”  and  loss  of  balance.  On  recovery  day  the 
Commander  developed  presyncope  during  the 
stand  test.  The  Pilot  had  a vagal  response,  also 
associated  with  presyncope,  during  the  recovery 
phase  of  the  Metabolic  Activity  experiment  M171 
(ch.  36).  The  overall  rate  of  recovery  postflight 
was  more  rapid  than  that  observed  in  the  Arst 
manned  Skylab  mission. 

Skylab  4 

In  Skylab  4,  the  Flight  Crew  Health  Stabiliza- 
tion Program  lasted  27  days  due  to  a 6-day  slip  in 
the  launch  for  evaluating  and  correcting  potential 
launch  vehicle  problems.  The  crew  underwent  pre- 
flight evaluations,  which  were  augmented  by  sev- 
eral new  experiments,  such  as  echocardiography 
and  pulmonary  function  evaluation.  Several  items 
noted  in  the  medical  history  and  clinical  examina- 
tions and  requiring  attention  for  the  upcoming 
flight  were:  a history  of  low  back  pain  (lumbo- 
sacral strain)  experienced  by  the  Commander  in 
the  preflight  period,  and  the  concern  as  to  whether 
there  would  be  recurrence  of  this  pain  on  his  return 
to  Earth ; some  recurring  variable  left  ear  drum  in- 
jection and  lability  of  blood  pressure  noted  during 
the  preflight  period  in  the  Scientist  Pilot ; and  the 
history  of  recurrent  nasal  congestion  and  a tend- 
ency toward  lability  of  blood  pressure  in  the 
Pilot.  Cardiovascular  review  of  these  men  showed 
no  evidence  of  nor  tendencies  toward  arrhythmias. 


These  flndings  were  well  documented  in  order  to 
permit  evaluation  of  any  in-flight  changes.  The 
crew  remained  in  good  health  throughout  the  pre- 
flight period. 

This  crew  also  had  no  formal  scheduled  in-flight 
medical  examinations.  Data  from  experiments  and 
“as  necessary”  medical  evaluations  continued  to 
provide  the  necessary  information  for  monitoring 
of  health  status.  A heart  rate  and  blood  pressure 
stress  evaluation  for  clinical  reasons  would  be  ob- 
tained on  any  individual  at  least  every  4 days,  if 
for  some  reason  the  experiments  Lower  Body 
Negative  Pressure  experiment  M092  (ch.  29), 
Vectorcardiogram  experiment  M093  (ch.  33),  and 
Metabolic  Activity  experiment  M171  (ch.  36) 
could  not  be  run.  This  longest  mission  happily  was 
characterized  by  the  absence  of  any  major  illness 
or  injury.  However,  it  is  important  to  point  out 
that  in  this  mission  there  were  numerous  sympto- 
matic events  that  required  variable  amounts  of 
medication  (ref.  1). 

For  all  Skylab  4 crewmen,  the  initial  medica- 
tion was  the  prescribed  antimotion  sickness  drugs ; 
the  Scientist  Pilot  did  not  experience  motion  sick- 
ness and  the  Commander  had  minimal  malaise  for 
3 days.  The  Pilot  had  signiflcant  nausea  with 
vomiting  for  1 day  and  then  malaise  for  2 more 
days.  The  second  major  recurrent  use  of  medica- 
tion was  lip  balm  and  skin  cream  to  prevent  dry- 
ing of  the  lips  and  skin,  respectively.  The  sleep 
medications  were  utilized  intermittently  through- 
out the  mission  by  all  the  crewmen.  Decongestants 
(topical  and  systemic)  were  used  during  the 
mission.  These  were  used  both  prophylactically 
during  the  extravehicular  activities  and  for  spe- 
ciflc  symptomatic  relief  of  the  feeling  of  fullness 
in  the  head,  nose,  and  ears. 

The  Scientist  Pilot  utilized  aspirin  twice  for 
transient  headaches  on  mission  days  17  and  67. 
On  mission  days  75  through  79,  he  utilized  wet 
packs  to  help  resolve  a minimal  papular  rash  on 
the  left  neck  and  ear  area. 

The  Pilot  had  a rash  in  the  upper  mid-back  area, 
which  was  treated  as  a fungal  infection,  and  which 
did  resolve  after  about  a week  and  a half. 

The  observed  in-flight  problems  were  not  related 
to  preflight  problems  except  remotely;  one  could 
state  that  the  Pilot’s  prior  history  might  have 
indicated  the  greater  susceptibility  to  upper  res- 
piratory congestion. 
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In  following  the  crew,  the  Daily  Health  Status 
Summary  sheet  was  a comprehensive  guide.  It 
was  updated  for  this  particular  mission  and  was 
kept  by  the  person  in  aeromedical  monitoring 
position  working  in  direct  support  of  the  Mission 
Operation  Control  Room  Surgeon.  Data  for  this 
summary  were  prepared  from  the  Evening  Status 
Report  which  gave  sleep,  medication,  exercise, 
and  experiments  M071  (Mineral  Balance,  ch.  18), 
M073  (Bioassay  of  Body  Fluids,  ch.  23) , and  M172 
(Body  Mass  Measurement,  ch.  19)  data,  from  the 
dump  tapes,  and  from  the  private  medical  con- 
ference. The  latter  permitted  subjective  and  ob- 
jective crew  observations  about  their  responses  to 
the  stressor  tests  [Lower  Body  Negative  Pressure 
(ch.  29)  and  Metabolic  Activity  (ch.  36)]  as  well 
as  the  general  status  of  living  in  zero-g. 

Vectorcardiographic  data  became  especially 
valuable  as  the  Pilot  began  demonstrating  vector- 
cardiographic parameters  differing  significantly 
from  preflight.  None  of  these  deviations  from  pre- 
flight  ‘‘norms"  were  considered  clinically  abnor- 
mal. In  summary,  there  were  neither  clinically 
significant  cardiac  arrhythmias  nor  vectorcardio- 
graphic changes  in-flight. 

Instrumental  in  maintaining  crew  health  was 
maintenance  of  a proper  environment.  It  should 
be  stressed,  there  were  no  significant  problems  in 
maintaining  the  limits  of  environmental  conditions 
of  total  pressure,  oxygen,  and  carbon  dioxide. 
Other  parameters,  such  as  temperature  and  rela- 
tive humidity,  were  more  variable.  These  parame- 
ters were  influenced  by  the  orbital  inclination  and 
Sun  angle  of  the  Skylab  complex  and  the  perform- 
ance of  the  supplementary  thermal  protection  de- 
vices ; additionally,  potential  off-gassing  from  the 
heated  spacecraft  was  satisfactorily  circumvented. 

Personal  cleanliness  was  fairly  well  maintained 
by  use  of  the  shower  or  by  sponge  baths  but 
proved  to  be  time  consuming. 

The  increased  quantity  and  quality  of  exercise 
available  to  the  crew  were  important  in  maintain- 
ing the  crew  health  of  Skylab  4.  For  each  successive 
mission  the  exercise  time  had  been  increased  from 
one-half  hour,  to  1 hour,  to  IV2  hours  per  day, 
respectively.  In  Skylab  4 the  bicycle  ergometer, 
the  Mark  I (an  isokinetic  force  generating  pul- 
ley), the  Mark  II  (springs),  and  Mark  III  (the 
standard  Apollo  exercise  device),  the  treadmill, 
and  isometric  exercises  were  available  to  counter- 


act the  effect  of  the  zero-g  environment ; the  crew 
had  the  highest  overall  average  of  quantifiable 
work  output  from  their  exercise. 

The  maintenance  of  nutrition  was  satisfactory ; 
the  Skylab  4 crew  ate  at  essentially  preflight  ca- 
loric levels  and  were  quite  satisfied  with  the  taste 
of  the  food.  The  high  density  food  bars,  utilized 
to  extend  provisions  when  the  Skylab  4 mission 
was  extended  to  84  days,  were  tolerated  well  by 
the  crew  although  they  left  a subjective  sense  of 
hunger.  As  in  Skylab  3,  vitamin  supplementation 
was  maintained.  The  weight  losses  for  the  Skylab 
4 crewmen  were  less  than  those  for  the  crewmen 
of  the  other  two  missions. 

The  work/rest  cycle  was  a key  problem  in  this 
last  mission.  During  the  early  phase  of  this  mis- 
sion the  crew  was  scheduled  at  a pace  comparable 
to  the  pace  attained  by  Skylab  3 crewmen  in  the 
latter  part  of  their  mission.  New  experiments, 
stowage  confusion,  onboard  equipment  malfunc- 
tions, and  the  sheer  length  of  the  mission  were  all 
contributing  factors  to  produce  psychological 
stresses  which  were  slOwly  resolved  over  the  first 
half  of  the  mission. 

As  the  end  of  the  mission  approached,  two  late 
single-block  shifts  of  sleep  time  were  made,  as  the 
preferred  mode,  to  adjust  the  crew  to  the  circa- 
dian shift  required.  Crew  comments  postflight  in- 
dicated this  was  a suitable  and  effective  approach 
to  the  time  shift  required.  Earlier  piecemeal  shift- 
ing in  Skylab  2 and  Skylab  3 was  not  subjectively 
as  effective. 

In  preparation  for  entry,  scopolamine/dextro- 
amphetamine sulfate  was  prescribed  for  all  three 
crewmen  at  approximately  2 hours  prior  to  in- 
tended splashdown.  The  crew  inflated  their  counter 
measure  garments  prior  to  burn  and  re-inflated 
them  to  compensate  for  the  increasing  internal 
pressure  as  the  Command  Module  was  pressurized 
during  descent.  As  in  Skylab  3,  the  splashdown 
was  initially  in  stable-2  (heat  shield  up),  and 
changed  to  stable-1  (heat  shield  down)  within  a 
nominal  time  frame. 

Initial  “on  water"  pulse  rates  were:  Com- 
mander, 70;  Scientist  Pilot,  80;  and  Pilot,  80 
beats  per  minute.  Blood  pressure  and  pulse  read- 
ings taken  inside  the  spacecraft  were  acceptable 
and  the  crew  egressed  and  walked  essentially 
unassisted. 

The  triad  of  vertigo,  postural  instability  and 


34 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


reflex  hyperactivity  was  again  noted  postflight. 
This  time  it  was  the  Commander  who  experienced 
a vagal  response  with  presyncope  at  the  end  of 
forced  expiration  in  pulmonary  function  testing. 
Petechiae  were  noted  in  the  lower  legs  of  all  three 
crewmembers  late  on  recovery  day,  and  during  the 
day  afterwards.  Muscle  and  joint  soreness  during 
exercise  developed  postflight,  but  only  to  a mini- 
mal degree.  The  postliight  period  was  free  of  any 
illnesses  or  injuries.  Postflight  physiological  re- 
adaptation, as  measured  by  the  experiments  re- 


vealed the  crew  to  be  in  as  good  or  better  status 
than  the  crews  of  the  two  earlier  missions. 

Conclusions 

From  a clinical  point  of  view,  all  of  the  physio- 
logical and  psychological  responses  noted  in  the 
Skylab  missions  were  either  self-limiting  or  rep- 
resented work-around  problems  requiring  minimal 
counteraction.  As  such,  these  changes  do  not  pre- 
clude extending  man’s  duration  in  zero-gravity  for 
longer  periods  of  time. 
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ORAL  HEALTH  CONSIDERATIONS  for  the  Skylab 
series  of  manned  space  flights  included  three 
general  areas  of  responsibility.  These  areas  were: 

Clinical  dentistry; 

Provisions  for  in-flight  care  and  the  In-flight 
Medical  Support  System-Dental ; and 
Research  dedicated  to  the  identification  of  po- 
tential oral  problems  in  manned  space  mis- 
sions of  long  duration. 

Clinical  Dentistry 

Clinically,  the  emphasis  in  the  dental  health 
program  was  on  the  prevention  of  dental  disease. 
This  was  accomplished  by  a carefully  supervised 
home  care  program  which  was  supplemented  with 
oral  examinations  and  evaluations  at  least  every  6 
months.  Regular  topical  applications  of  stannous 
fluoride  were  also  provided  all  crewmen.  However, 
because  of  consideration  of  other  studies  during 
the  Skylab  missions,  the  topical  fluoride  applica- 
tions were  discontinued  6 months  preflight  for 
each  crew. 

Because  of  risks  of  inflammation  to  the  dental 
pulp,  no  dental  restorations  were  provided  the 
crewman  during  the  last  90  days  prior  to  flight. 
The  oral  health  of  all  crewmen  was  at  a sufficiently 
high  level  that  the  90-day  provision  was  realistic. 

Complete  oral  Panorex  radiographs  were  made 
of  each  crewman  prior  to  his  mission.  These 
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radiographs  did  reveal  two  asymptomatic,  previ- 
ously unrecognized  areas  of  pathosis  about  the 
apex  of  the  teeth  of  two  crewmen.  Both  problems 
were  successfully  resolved. 

During  the  last  9 months  prior  to  the  Skylab 
missions,  six  crewmen  required  treatment  for  den- 
tal problems  which  were  other  than  routine  re- 
placement of  restorations  and  dental  prophylaxes. 
These  ranged  from  a large,  symptomatic,  recur- 
rent apthous  ulcer,  to  significant  inflammation  and 
discomfort  from  local  gingival  inflammation,  to  a 
periapical  abscess.  All  were  resolved  successfully 
with  no  recurrence. 

In-flight  Care 

The  possibilty  for  an  unanticipated  dental  prob- 
lem occurring  in-flight  which  could  significantly 
impair  a crewman's  ability  to  work  effectively 
was  computed  at  0.92  percent  for  a 3-man  28-day 
mission.  This  figure  was  based  on  studies  of  dental 
experiences  in  other  isolated  environments,  i.e., 
polar  expeditions.  United  States  Navy  FBM  sub- 
marine patrols,  and  from  a 3-year  study  of  the 
astronaut  population.  The  most  likely  problems 
which  could  impair  a crewman's  effectiveness  in- 
flight were  judged  to  be  either  a painful  tooth  due 
to  pulpitis  or  severe,  localized  gingival  inflamma- 
tion with  or  without  a periodontal  abscess.  The 
pulpitis  would  be  most  likely  to  occur  in  a tooth 
which  had  previously  been  restored  with  a deep 
restoration  which  suddenly  had  become  symp- 
tomatic. This  is  a common  ground-based  dental 
problem  and  the  resulting  potentially  debilitating 
pain  could  occur  for  a number  of  reasons,  includ- 
ing decreased  resistance  of  the  host  and/or  in- 
creased virulence  of  the  organisms  involved. 
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Dental  caries  was  not  considered  as  a problem  in 
missions  of  up  to  3 months’  duration  because 
of  the  high  level  of  oral  health  of  all  crewmen  and 
the  frequent  dental  evaluations  they  received. 

Because  of  the  risks  involved,  it  was  decided  that 
a means  be  developed  for  treating  the  most  likely 
dental  problems  that  might  arise.  To  this  end  the 


prime  and  backup  crews  of  all  Skylab  missions  re- 
ceived 2 days  of  intensive  training  in  pertinent 
dental  procedures  at  Lackland  Air  Force  Base, 
Texas.  The  training  included  lectures,  demonstra- 
tions, and  supervised  clinical  procedures.  The 
supervised  clinical  procedures  performed  on  vol- 
unteer patients  included  complex  procedures  such 
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Figure  6-la. — In-flight  Medical  Support  System  Dental  Kit. 
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as  tooth  removal.  Instruments  and  medications 
were  provided  as  the  In-flight  Medical  Support 
System-Dental.  As  aids,  this  In-flight  Medical  Sup- 
port System-Dental  included  a manual  with  line 
drawings  of  complete  intraoral  radiographs  of 
each  crewman  as  well  as  integrated,  illustrated, 
diagnostic,  and  treatment  procedures.  Examples  of 
these  aids  are  illustrated  in  figures  6-la,  6-lb,  and 
6-lc.  Other  aids  included  air-to-ground  communi- 
cation with  a dentist  and/or  surgeon  who  had  as 
aids  intraoral  photographs  and  radiographs,  di- 
agnostic casts,  complete  treatment  records  with 
narrative  summaries,  and  complete  knowledge  of 


the  treatment  capabilities  of  each  crewman  as  he 
was  observed  during  the  training  program.  No 
dental  problems  occurred  during  the  Skylab  series 
of  missions  which  required  use  of  the  In-flight 
Medical  Suport  System-Dental. 

Oral  Research 

Skylab  crewmembers  were  monitored  to  assess 
the  effects  of  their  missions  on : 

The  population  dynamics  of  the  oral  microflora ; 
The  secretion  of  specific  salivary  components; 
and 

Clinical  changes  in  oral  health. 
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(periodontal  abscess) 

F.  Ulcers  in  mouth  on 
gums,  inside  cheeks 
or  lips,  or  on  palate 
(canker  sores  or 
herpesvirus  lesion) 

G.  Gum  infection 
(gingivitis) 

H.  Pulpitis  (most  common 
serious  problem) 

I.  Pericoronitis 


area  of  third  molar 
pericoronitis 


Canker  sore  or  ulcer  (herpes 
lesion),  no  treatment  indi- 
cated, will  pass  in  7 to  14 
days 


Gum  infection  (gingivitis) 

ncrease  oral  hygiene 
efforts  with  floss  and 
toothbrush 


Examine  offending 
tooth  for  broken 
crown  or  broken 
or  crack  in  filling 


18 

Problem 

Visible? 

Perform  differential  diag- 
nosis for  other  than  dental 
problem  such  as  sinusitis, 
infectious  diseases,  etc., 
consult  ground 

. Periapical  abscess 


Fractured  crown  or  filling 
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Intense  pain  or 
evidence  of 
infection,  no 
dentin  or  pulp 
exposed 


Yes 


• Pulpitis 

Tooth  removal  probably 
required 

^ Cracked  tooth  or  pulpitis 


Treat  for  pain  — if  pain  is 
very  intense  and  does  not 
subside,  removal  probably 
required 


Figure  6-lb. — Diagnostic  Data — Dental. 
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CAUSE 

SYMPTOMS 

TREATMENT  PROCEDURE 

REMARKS 

Early 

Pulpitis 

^Ute 

(Inflammation  of 
dental  pulp) 

Dull  pain 
(intermittent) 
Sensitive  to 
percussion,  heat, 
and  cold 

May  reverse,  use  analgesics 
If  not,  removal  may  be  necessary 

Antibiotics 
may  be 
prescribed 
by  ground 

Sharp  pain 
(continuous) 

Heat  or  percussion 
increases  pain 
Cold  decreases  or 
increases  pain 
Aspirin  or  Darvon® 
does  not  relieve 
pain 

Remove  tooth 
Probably  no  tissue  swelling 

T ooth  decay 
(Caries) 

Unlikely  cause 
due  to  time 
required  to 
develop 

Mild  pain  (intermit- 
tent or  continuous) 
Cavitation  of 
enamel 

Brownish-black 

spot 

Heat,  cold,  or 
sweets  may  elicit 
pain 

Identify  offending  tooth 
Employ  local  anesthesia 
Remove  soft  decayed  material 
using  curette 

Isolate  tooth  with  gauze  packs 
and  dry  out  cavity 
Mix  sedative  restorative  material 
and  pack  into  cavity  with  applicator 
Have  patient  bite  while  cement  Is  soft, 
remove  excess  using  curette 
Bite  again 

See  required 
mixing  procedures 

Oown  fracture, 
broken  or 
missing  filling 

Part  of  tooth 
visibly  missing 

File  off  rough  edges  of  broken 
tooth  using  file 

Mix  sedative  restorative  material 
and  cover  exposed  area 
Smooth  surface 

Bite  down 
to  check 
occlusion 

Cracked  tooth 

Severe  pain 
when  chewing 

If  pain  persists  - remove  tooth 

Crack  could 
have  gone 
undetected 
on  X-rays 

Periapical 
abscess 
(Infection  at 
apex  of  tooth) 

Tooth  may  feel 
elongated  to 
patient 

Percussion  may 
elicit  sharp  pain 
Area  of  pointed 
swelling 

Induce  drainage  of  pus  by: 

(A)  Incision  of  pus  pocket,  or 

(B)  Digital  pressure  on  gum  near 
root  of  tooth 

If  pain  persists  - remove  tooth 

Antibiotics 
nnay  be 
prescribed 
by  ground 
Pain  will  subside 
upon  release  of 
pus  pressure 

Periodontal 

abscess 

(Gum  infection) 

Dull  throbbing  pain 
Sharp  pain  when 
biting 

Tenderness  of 
surrounding  tissue 

Probe  around  tooth  with  curette 
Remove  any  foreign  object 
Induce  drainage  of  pus  by  incision 
Rinse  with  warm  water 

Antibiotics 
may  be 
prescribed 
by  ground 

Periocoronitis 
(Inflammation 
of  gum  flap) 

Pain  on  opening 
mouth 

Continuous  dull 
ache  and  swelling 
around  lower 
third  molar 

Clean  under  tissue  flap 

Brush  thoroughly,  rinse  and  floss 

Rinse  vigorously  with  warm  water 

Antibiotics  may 
be  prescribed 
by  ground 
Becomes  more 
comfortable  in 
24-36  h. 

Aphthous  ulcer 
(White  spot  on 
oral  mucosa) 

Discomfort  Is 
sometimes 
mistaken  for 
toothache 

No  treatment  Is  indicated  - 
normal  healing  occurs  In 
7 to  14  days 

Antibiotics  are 
usually  of  no 
value 

Canker  sore 
(Red  ulcer) 

Burning  sensation, 
not  sharp  pain 

Figure  6— Ic. — Treatment  Data — ^Dental. 
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Not  only  is  oral  health  important  to  personal 
performance  during  prolonged  space  missions,  but 
the  oral  region  serves  as  a portal  of  entry  for 
pathogenic  agents,  acts  as  a reservoir  for  infec- 
tious micro-organisms,  and  plays  a role  in  cross- 
contamination and  disease  transmission. 

Laboratory  detectable  intraoral  changes  can 
precede  clinical  manifestations  of  acute  and 
chronic  infectious  disease.  Clinically  detectable 
alterations  of  oral  tissue  can  identify  changes 
caused  by  local  and/or  systemic  disorders  of  mi- 
crobial and  nonmicrobial  origin. 

Oral  hygiene  procedures  consisted  of  brushing 
the  teeth  2 minutes  twice  a day  and  flossing  once  a 
day.  Tooth  brushes  with  multitufted,  nylon, 
bristles  were  used  in  conjunction  with  an  ingesti- 
ble  dentifrice  ^ and  thin,  unwaxed  dental  floss. 
Irrigating  devices,  mouthwashes,  topical  fluorides, 
or  other  oral  medication  were  not  used. 

All  crewmen  were  placed  on  a space-food  diet  at 
about  21  days  preflight.  The  backup  crewmen  con- 
tinued on  the  space  diet  until  launch  and  the  prime 
crewmen  until  18  days  after  recovery. 

Equipment  and  Procedures. — Eighteen  astro- 
naut crewmembers  making  up  the  prime  and 
backup  crews  for  the  three  Skylab  missions  were 
monitored  for  quantitative  changes  in  oral  micro- 
organisms, saliva  partitions  considered  potentially 
important  to  oral  health,  and  alterations  in  clinical 
indices  of  oral  health  and  preexisting  dental 
disease. 

Microbiological  Assessments. — Specimen  collec- 
tion. Oral  specimens  were  collected  from  the  crew- 
members weekly  or  semi  weekly  from  three 
intraoral  sites  from  31  days  preflight  to  18  days 
postflight  for  Skylab  2,  from  51  days  preflight  to 
20  days  postflight  for  Skylab  3,  and  from  57  days 
preflight  to  17  days  postflight  for  Skylab  4.  All 
collections  took  place  between  0700  and  0800  hours 
before  oral  hygiene  procedures  or  breakfast. 

The  specimens  included  dental  plaque,  crevicu- 
lar  fluid  (exudate  absorbed  from  the  gingival 
sulcus  area),  and  stimulated  saliva.  These  param- 
eters were  selected  because  of  their  ultimate 
relation  to  the  development  of  dental  caries,  perio- 
dontal disease,  and  alveolar  bone  loss. 

Dental  plaque  was  removed  using  a modification 

‘ Ingestible  dentifrice  developed  by  Ira  Shannon,  D.D.S., 
M.S.,  Veterans  Administration  Hospital,  Houston,  Texas. 


of  the  technique  by  Jordan  et  al.  (ref.  1) . Crevicu- 
lar  fluid  was  obtained  by  inserting  a paper  point 
into  the  gingival  sulcus  of  an  upper  bicuspid  ac- 
cording to  the  method  of  Brown  et  al.  (ref.  2). 
Each  specimen  was  placed  aseptically  into  a sterile 
tube  containing  2 milliliters  of  0.1  percent  peptone 
and  0.85  percent  sodium  chloride.  The  peptone- 
saline  solution  served  as  both  a transport  and 
dilution  medium. 

To  produce  stimulated  saliva,  the  crewmembers 
chewed  sterile  paraffin  and  expectoi-ated  into  a 
sterile  jar  until  a 5 milliliter  indicator  mark  was 
reached.  The  time  required  for  each  crewman  to 
collect  this  volume  was  recorded  and  used  to  cal- 
culate the  saliva  flow  rate. 

All  specimens  were  transpoi’ted  in  cracked  ice 
to  the  University  of  Texas  Dental  Science  Insti- 
tute for  immediate  processing  which  occurred 
about  1 hour  after  collection. 

Speciment  Processing. — Serial  tenfold  dilutions 
of  each  specimen  were  plated  onto  a variety  of 
bacteriologic  media  (refs.  3,  4,  5,  6,  7,  8,  9,  10,  11, 
12,  13, 14)  for  the  enumeration  of  up  to  17  micro- 
bial categories.  Duplicate  platings  were  incubated 
at  37°  C either  aerobically  or  anaerobically.  The 
bacteriologic  media,  microbial  categories,  and  an- 
aerobic procedures  are  shown  in  figure  6-2. 

Specific  microbial  types  from  selective  and  dif- 
ferential media  were  verified  by  subculture  and  by 
pertinent  physiologic  reactions  when  necessary. 

In  addition  to  the  microbial  assessments,  stimu- 
lated saliva  was  used  to  determine  total  protein, 
secretory  IgA,  and  lysozyme.  Salivary  protein  de- 
tenninations  were  made  by  the  Lowry  procedure 
(ref.  15).  Secretory  IgA  was  assayed  by  electro- 
immunodiffusion (ref.  16)  where  the  samples  are 
electrophoresed  through  a medium  containing 
monospecific  antisera.  Plates  were  precoated  with 
0.1  percent  agarose  in  0.05  percent  glycerol  and 
layered  with  buffered  agarose  containing  antisera. 
Wells  were  filled  with  standards  or  saliva.  Samples 
were  electrophoresed  until  the  point  of  equivalence 
with  the  highest  standard  was  attained.  The  plates 
were  then  processed  for  staining  and  the  migra- 
tion distances  were  measured.  Samples  with  values 
beyond  the  standard  range  required  dilution.  A 
plot  of  log  concentration  versus  log  migration  dis- 
tance yielded  a linear  curve  for  quantification 
(ref.  17).  Lysozyme  values  were  determined  by 
radial  quantitative  diffusion  using  heat-killed 
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Micrococcus  lysodeikticus  cells  as  a substrate  ac- 
cording to  the  procedures  of  Osserman  and  Law- 
lor  (ref.  18).  Plates  were  layei'ed  with  a cell 
suspension  in  buffered  molten  agarose.  Wells  were 
cut  and  filled  with  standards  of  saliva.  Diffusion 
was  allowed  to  proceed  overnight.  Values  were 
determined  from  a plot  of  log  concentration  versus 
diameter  of  lysed  zone. 

The  microbiologic  enumeration  and  immuno- 
logic data  were  recorded  for  appropriate  statisti- 
cal analysis.  Both  a one-way  and  two-way 
unbalanced  analysis  of  variance  were  used  for 
multiple  comparisons  of  individual,  paired,  and 


grouped  data.  Primary  comparisons  were  made 
within  three  segments  of  data:  (a)  preflight- 
prespace  diet  (31  and  21  days  preflight  or  29  and 
19  days  preflight) , (b)  preflight-space  diet  (14  and 
3 days  preflight  or  13  and  4 days  prefiight),  and 
(c)  recoverey  space  diet  (4, 13,  and  18  days  post- 
flight from  the  prime  crew  only) . 

Clinical  Evaluations. — Clinical  scores  of  dental 
plaque,  dental  calculus,  and  gingival  inflammation 
were  derived  from  oral  evaluations  at  two  pre- 
flight and  one  postflight  examination  intervals. 
The  examination  inteiwals  were  relative  to  the 
projected  duration  of  each  flight.  The  initial  pre- 


Plaque 

Stimulated  saliva 

Gingival  sulvus  fluid 

Total  aerobes 
Neisseria 

Strep,  salivarius 
Strep,  sanguis 
Strep,  mitis 

Staphylococci 


Lactobacilli 
— Homofermentative 
-Heterofermentative 


Yeast 


Enterics 

BBL;  other  media-Difco 

'•'Steel  wool  coated  with  acidified 
copper  sulfate  solution 

^ AN  = Anaerobes 


Anaerobic  cultures:  Displacement  (95%  N2  - 5%  CO2 
Gaspak  and  Brewer  (95%  H2  - 5%  CO2)— 3-7  days  at  37®C 


Plating  media  and  microbial  categories  enumerated 

Heart  Infusion  agar 
with  defibrinated  horse  blood  (5%) 


Mitis  salivarius  agar 

plus  tellurite  sol.  and  with  or 

without  bacitracin  and  20%  sucrose 


Staphylococcus  110  agar 


Veillonella  agar 
(R) 

with  Tween  80^  and  vancomycin 


Rogosa  SL  agar 
with  glacial  acetic  acid 


Trypticase  Soy  agar* 

with  crystal  violet  and  vancomycin 


Sabouraud  - dextrose  agar 


Heart  Infusion  agar 

with  laked  blood,  menadione,  NaH(X)3, 
kanamycin  and  vancomycin 


Desoxycholate  agar 


PPLO  agar  and  Heart  Infusion  agar 
yeast  extract  sol.,  horse  serum, 
thallium  acetate,  and  penicillin 


Total  anaerobes,  diphtheroids 
(catalase  +.  -) 

Strep,  mutans 

18-24  h ANt 
24  h room  temp. 


Veillonella 


Fusobacteria 


Bacteroides 


Mycoplasma 


Figure  6-2. — Flow  chart  for  sampling  and  enumerating  cultivable  oral  micro- 
organisms. 
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flight  oral  examination  was  on  days  30,  51,  and  57 
for  Skylab  missions  2,  3,  and  4,  respectively.  In 
all  missions  the  final  preflight  oral  examinations 
were  accomplished  on  day  4 and  the  postflight  on 
day  4 after  recovery.  Following  the  scoring  of  gin- 
gival inflammation  on  the  initial  preflight  exami- 
nation, a thorough  prophylaxis  was  performed.  On 
day  4,  the  final  preflight  examination,  gingival 
inflammation,  dental  plaque,  and  calculus  were 
scored  to  calculate  a preflight  increment  (base- 
line) for  each  of  the  oral  health  indices.  All  plaque 
and  calculus  were  again  removed  to  permit  re- 
covery scores  to  be  used  as  in-flight  increments. 
Since  gingival  inflammation  scores  could  not  be 
brought  to  a zero  baseline,  as  in  the  case  of  plaque 
and  calculus,  the  difference  in  scores  between  the 
initial  and  final  preflight  evaluations  was  used  as 
the  preflight  baseline.  The  difference  between  the 
final  prefiight  and  recovery  scores  was  used  as  the 
in-flight  increments  of  gingival  inflammation. 

A plaque  score  was  obtained  for  each  astronaut 
by  the  use  of  disclosing  wafers  which  stained  the 
plaque  adhering  to  the  tooth  surfaces.  Calculus 
scores  were  obtained  for  each  crewmember  by 
dividing  the  number  of  tooth  surfaces  that  had 
calculus  by  the  number  of  teeth.  The  inflammation 
index  was  scored  according  to  the  method  of  Loe 
and  Silnes  (ref.  19)  which  graded  the  gingivae 
surrounding  each  tooth. 

Dental  radiographs  were  made  of  each  crew- 
member at  6 months  and  30  days  preflight  to  pro- 
vide baseline  records  for  subsequent  comparison. 
A complete  series  of  oral  radiographs  were  taken 
at  6 months  preflight.  To  minimize  radiation  ex- 
posure, only  bitewing  radiographs  were  taken  at 
30  days  preflight. 

The  clinical  evaluations  were  statistically  com- 
pared by  “t”  analysis  using  both  the  means  differ- 
ence and  difference  between  means  statistics  (ref. 
20). 

Results. — In  Skylab  2 the  microbial  data  showed 
increases  in  various  anerobic  components,  i.e., 
Bacteriodes  sp.,  Veillonella  sp.,  Fusobacterium  sp. 
Other  increases  were  in  Neisseria  sp.  and  Strepto- 
coccus viutans. 

Fewer  microbial  changes  were  noted  in  Skylab 
3.  For  example,  in  stimulated  saliva  the  anaerobic 
components  showing  increases  were  Veillonella 
sp.,  Fusobacterium  sp.,  Leptotrichia  sp.,  and  Myco- 
plasma sp.  S.  mutans  counts  were  variable.  How- 


ever, in  this  flight  Staphylococcus  aureus  and 
enteric  organisms  showed  increasing  trends  to- 
ward the  later  stages  of  sampling. 

The  microbial  data  from  the  Skylab  4 mission 
were  very  similar  to  that  of  the  Skylab  3 mission. 
The  anerobic  components  to  show  increases  in 
the  gingival  sulcus  fluid  were  Bacteroides  sp.  and 
Veillonella  sp.  There  was  also  a rise  in  S.  sanguis 
and  Neisseria  sp. 

Figure  6-3  represents  the  cumulative  preflight 
data  of  all  18  crewmen,  before  and  after  they 
were  placed  on  the  carbohydrate  enriched  space 
diet.  At  these  levels  of  significance  expressed  on  a 
percentage  basis,  there  were  significant  increases 
after  diet  of  the  following  total  anerobes.  Diph- 
theroids, S',  sanguis,  Neisseria  sp.,  Bacteroides  sp., 
Veillonella  sp.,  and  Fusobacterium  sp.  Most  of  the 
oral  microbial  changes  noted  during  each  mission 


P<N% 


Key: 

AN  = Total  anaerobes 

DIPH  = Diphtheroids 

SANG  = Streptococcus  sanguis 
NEIS  = Neisseria  sjp. 

BACT  = Bacteroides  sp. 

VEIL  = Veillonella 

FUSO  = Fusobacterium  sp. 


Figure  6—3. — Cumulative  microbial  counts  from  the 
gingival  fluid  of  18  crewmen  before  and  after  space 
diet  initiation  prior  to  three  Skylab  flights. 
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appeared  to  be  associated  with  diet  change  as  evi- 
denced by  the  statistically  significant  post  diet 
increases. 

The  saliva  partitions — saliva  fiow  rates,  salivary 
lysozyme,  and  protein  concentration  levels — as- 
sayed in  this  study  of  the  prime  crew  of  Skylab  2 
remained  relatively  constant  throughout  this 
period.  But  the  secretory  IgA  levels  showed 
pronounced  increases  beginning  just  prior  to 
flight  and  continuing  throughout  the  postfiight 
sample  period.  It  is  believed  that  these  changes 
were  probably  due  to  responses  to  a subclinical 
viral  infection. 

The  mean  values  for  changes  in  salivary  parti- 
tions of  the  prime  crewmembers  of  Skylab  3 are 
secretory  IgA  which  showed  increases  and  these 
increases  occurred  concurrently  with  saliva  flow 
rate  increases  and  salivary  protein  decreases.  Rea- 
sons for  the  latter  changes  are  presently  unex- 
plained. 

In  the  Skylab  4 mission  secretory  IgA  levels 
again  increased  and  the  levels  of  protein  and  lyso- 
zyme as  well  as  saliva  flow  rates  showed  trends 
similar  to  the  Skylab  3 flight.  The  increase  in 
secretory  IgA  in  the  crewmen  for  the  Skylab  4 
mission  occurred  in  only  two  of  the  three  crew- 
men. The  IgA  levels  of  the  Scientist  Pilot  remained 
relatively  constant. 

A comparison  of  clinical  scores  of  oral  health 
before  and  after  the  Skylab  4 mission  (fig.  6-4) 
revealed  prominently  elevated  increments  of  den- 
tal calculus  and  gingival  inflammation  postflight 
as  compared  with  the  preflight  values.  This  trend 
was  observed  for  all  missions. 

While  the  overall  oral  health  level  of  all  crew- 
men remained  very  good  postflight,  some  deterio- 
ration had  occurred  as  measured  by  these  indices. 

Discussion 

The  oral  microbiological,  immunologic,  and  clin- 
ical results  of  the  Skylab  series  of  manned  space 
flight  missions  were  relatively  consistent.  Oral 
microbial  changes  usually  occurred  after  the  in- 
corporation of  the  space  diet  prior  to  flight.  Statis- 
tical comparisons  of  cumulative  preflight  data 
from  the  18  (prime  and  backup)  crewmembers, 
before  and  after  diet  inclusion,  revealed  diet  re- 
latedness for  the  majority  of  the  microbial  in- 
creases observed  during  the  missions.  Some  of  the 
changes,  although  apparent  after  the  inclusion 


of  the  diet  during  the  preflight  period,  were  more 
pronounced  after  flight.  However,  the  postflight 
values  were  excluded  in  the  diet  related  analysis 
to  avoid  any  possible  flight  influence. 

Increases  in  secretory  IgA  observed  in  two  of 
the  Skylab  4 crewmembers  were  observed  in  all 
three  crewmembers  of  Skylabs  2 and  3.  As  in  the 
previous  studies,  the  changes  were  believed  to 
result  from  subclinical  infections.  Concurrent 
fluctuations  in  salivary  protein,  lysozyme  and 
saliva  flow  rates,  also  observed  in  previous  studies, 
are  unexplained. 

In  these  studies,  observed  incremental  increases 
of  dental  calculus  and  gingival  inflammation  were 
consistent,  with  the  exception  of  the  Skylab  3 
crew  where  these  changes  were  not  observed  to 
the  same  degree.  Individuals  free  of  oral  health 


Figure  6-4. — Mean  clinical  scores  of  dental  calculus  and 
ginsival  inflammation  of  the  prime  crewmembers  of 
Skylab  4. 
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problems  seem  to  be  less  susceptible  to  detri- 
mental changes  under  a specific  challenge  than 
those  with  preexisting  dental  problems. 

Conclusion 

Skylab  crewmembers  were  monitored  for  mis- 
sion related  effects  on  oral  health.  Those  labora- 
tory and  clinical  parameters  considered  to  be 
ultimately  related  to  dental  injury  were  evaluated. 
Of  these,  the  most  distinctive  changes  noted  were : 

Increased  counts  of  specific  anaerobic  and  strep- 
tococcal components,  primarily  of  the  saliva 
and  dental  plaque  microflora. 

Elevations  in  levels  of  secretory  IgA  concurrent 
with  diminutions  of  salivary  lysozyme. 

Increased  increments  of  dental  calculus  and  gin- 
gival inflammation. 

The  microbial  changes  were  mainly  diet  related 
rather  than  flight  related.  Elevations  of  secretor}^ 


IgA  were  believed  to  result  from  a subclinical  in- 
fection. Concurrent  diminutions  of  salivary  lyso- 
zyme are  unexplained.  The  clinical  changes  in  oral 
health  were  considered  to  be  influenced  more  by  a 
crewmember’s  preexisting  state  of  dental  health 
than  by  any  health  hazardous  mission  related 
effect. 

Assuming  no  future  clinical  detection  of  mission- 
related  intraoral  complications,  the  most  signifi- 
cant aspect  of  these  investigations  was  the 
relative  nonexistence  of  health  hazardous  intra- 
oral changes. 
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CHAPTER  7 

Analysis  of  the  Skylab  Flight  Crew 
Health  Stabilization  Program 

J.  Kelton  Ferguson,"  Gary  W.  McCollum,"  and 
Benjamin  L.  Portnoy 


A WELL-DEFINED  Flight  Crew  Health  Stabiliza- 
tion Program  was  first  introduced  into  the 
space  program  on  the  Apollo  14  mission.  The  pro- 
gram was  initiated  following  a number  of  prime 
crew  illnesses  and  crew  exposure  to  persons  with 
infectious  illnesses  during  mission  critical  periods. 
As  a result  of  these  incidences,  it  was  recognized 
throughout  the  National  Aeronautics  and  Space 
Administration  that  crew  illness  could  cause  loss 
in  valuable  crew  training  time,  postponement  of 
missions,  or  could  even  compromise  crew  safety 
and  mission  success. 

The  purpose  of  the  Flight  Crew  Health  Stabili- 
zation Program  was,  therefore,  to  minimize  the 
possibility  of  adverse  alterations  in  the  health  of 
flight  crewmen  during  the  preflight,  in-flight,  and 
postflight  periods.  The  Apollo  14  Flight  Crew 
Health  Stabilization  Program  was  successfully 
completed  without  an  illness  occurrence  in  the 
crewmen.  Following  the  Apollo  14  mission,  the 
program  was  effectively  used  for  the  remainder  of 
the  Apollo  missions. 

The  need  for  such  a program  became  even  more 
evident  in  the  development  of  the  Skylab  missions. 
The  extended  periods  of  crew  time  in  space  planned 
for  Skylab  increased  the  probability  of  in-flight 
crew  illness.  The  decision  was  made,  therefore,  to 
provide  a comprehensive  Skylab  Flight  Crew 
Health  Stabilization  Program. 

Procedure 

A 21-day  isolation  period  was  established  for  the 
Skylab  crewmen  prior  to  the  launch  of  each  mis- 

“ NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

**  U.S.  Public  Health  Service,  Center  for  Disease  Control, 
Atlanta,  Georgia. 


sion.  The  21-day  period  was  chosen  as  it  covered 
the  incubation  period  for  a majority  of  infectious 
disease  organisms.  A 7-day  postflight  isolation 
period  was  added  to  protect  the  crewman  from 
any  increased  susceptibility  to  infectious  diseases 
as  a result  of  the  lengthy  mission.  Additionally, 
postflight  illness  in  the  crewmen  would  have  been 
detrimental  to  the  understanding  of  medical  re- 
sults and  the  ti’ansfer  of  information  to  the  crew- 
men of  the  next  mission.  The  principal  objective 
of  the  program  was  to  reduce  the  probability  that 
a crewman  would  come  into  contact  with  an  in- 
fectious disease  agent  during  the  critical  time 
periods  of  each  mission.  The  initial  steps  taken 
to  accomplish  this  objective  were: 

To  establish  the  primary  work  areas  of  the 
crewmen  during  the  isolation  periods. 

To  establish  isolated  crew  housing  at  both  the 
Johnson  Space  Center  and  at  the  Kennedy 
Space  Center  with  methods  to  prevent  crew 
exposure  to  infectious  disease  agents. 

To  establish  a medical  program  for  those  per- 
sonnel who  were  required  to  work  with  the 
crewmen  during  the  isolation  period. 

To  establish  a Medical  Surveillance  Office  as  the 
coordination  center  for  the  operational  aspects 
of  the  program  (table  7-1). 

Each  functional  area  at  the  two  National  Aero- 
nautics and  Space  Administration  Centers  identi- 
fied their  personnel  who  would  require  access  to 
the  crew  during  the  isolation  period.  Personnel 
requiring  direct  crew  access  (within  2 meters) 
were  known  as  class  A primary  contacts.  Those 
who  worked  in  primary  work  areas,  but  were  not 
in  direct  contact  of  the  crewmen,  were  called  class 
B primary  contacts. 
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Table  7-1. — Skylab  Flight  Crew  Health  Stabilization  Program 


Crew 

(Crew  Surgeon) 

Primary  Contacts 
Class  A and  Class  B 
Illness  reporting  (voluntary) 

Ti 

Medical  Surveillance  Office 
Program  coordination  ^ 

Primary  Work  Areas 
Active  surveillance 

Living  quarters 

Training 

Security 

Mobile  trailers  (JSC) 
Crew  quarters  (KSC) 
Food 
Travel 

Records  and  data 
Medical  status  reports 

Ti 

Clinic 

Medical  examinations 
PC  qualification — disqualification 
Badge  control 

Preventive  measures 
Surgical  masks 
Biorespirators 
Air  filters 

For  each  primary  work  area  identified,  the  area 
was  inspected  and  procedures  were  established  to 
minimize  the  possibility  of  crew  exposure  to  path- 
ogenic micro-organisms.  Positive  air  pressures  and 
80  percent  (ASHRAE  air  filters  were  used  in 
the  principal  training  area.  A security  guard  and 
a nurse  were  stationed  at  the  door  of  the  primary 
work  areas  on  the  days  that  crewmen  would  be  in 
the  area.  On  these  days,  only  properly  badged  pri- 
mary contacts  were  allowed  to  enter  the  area  and 
a brief  medical  screening  was  given  to  class  A 
primary  contacts  by  the  nurse  as  the  only  active 
surveillance  provided  in  the  program.  All  class  A 
primary  contacts  were  required  to  wear  surgical 
masks  when  in  the  presence  of  the  crewmen.  Bio- 
respirators were  available  for  use  by  nonprimary 
contacts  if  an  emergency  occurred.  Crew  confer- 
ences with  nonprimary  contacts  were  accomplished 
by  closed  circuit  television. 

Crew  housing  at  the  Johnson  Space  Center  was 
provided  by  two  mobile  homes  placed  inside  a 
large  building.  A third  mobile  home  adjacent  to 
the  building  served  as  the  food  service  center.  All 
food  and  drink  consumed  by  the  crew  during  the 
isolation  period  was  specially  prepared  Skylab 
food.  Quality  control  had  been  designed  into  the 
food  program,  and  it  was,  therefore,  not  necessary 
to  add  additional  controls.  A fourth  mobile  home 
was  available  for  isolation  of  any  crewmen  who 
might  become  ill.  Housing  at  the  Kennedy  Space 
Center  was  provided  in  the  existing  crew  quarters 
area,  and  high  efficiency  particulate  air  (HEPA) 

^American  Society  of  Heating,  Refrigerating  and  Air- 
Conditioning  Engineers. 


filters  were  used  in  these  living  areas.  Measures 
were  taken  to  prevent  crew  exposures  to  illness 
while  traveling  between  primary  work  areas.  Non- 
primary contacts  were  kept  100  feet  and  down- 
wind from  the  crewmen.  Biorespirators  were  near 
the  crewmen  at  all  times  to  be  used  if  an  emer- 
gency occurred. 

The  medical  program  for  the  primary  contacts 
consisted  of  an  extensive  initial  physical  examina- 
tion with  laboratory  screening  (ref.  1).  Immuni- 
zations were  required  for  those  persons  who  were 
not  immune  to  a selected  group  of  infectious  dis- 
eases. After  the  examination  the  records  of  each 
person  were  reviewed  by  a physician,  and  the 
individual  was  either  approved  or  disapproved  as  a 
primary  contact.  Further  scheduled  examinations 
were  provided  later  in  the  program  only  for  class 
A primary  contacts,  which  also  included  food 
handlers,  maids,  and  other  specialized  personnel 
having  close  direct,  or  indirect,  contact  with  the 
crewmen. 

On  completion  of  the  initial  medical  examina- 
tion, all  primary  contacts  were  instructed  by  let- 
ters, brochures,  and  meetings  to  report  any  illness, 
or  contact  to  an  infectious  illness,  to  the  Medical 
Surveillance  Office.  Primary  contacts  who  re- 
ported medical  problems  related  to  infectious  ill- 
ness were  referred  to  the  clinic  for  medical 
examination.  If  a primary  contact  was  found  to 
have  an  infectious  illness,  he  was  temporarily 
withdrawn  from  the  program  and  the  primary 
work  area.  The  primary  contact  did  not  return 
to  the  work  area  until  a medical  examination  in- 
dicated that  the  infection  was  no  longer  present. 
Medical  surveillance  of  the  primary  contacts  and 
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illness  reporting’  were  continued  throughout  each 
mission  to  provide  epidemiological  support  data 
for  any  crew  illness  occurring  during  the  mission. 

A report  form  was  completed  by  the  clinical 
staff  for  each  illness  occurrence  (ref.  2).  The  re- 
port was  forwarded  to  the  Medical  Surveillance 
Office  to  be  coded  for  the  type  of  illness  by  a 
predetermined  list  of  operational  definitions  of  in- 
fectious illness  (ref.  3).  An  analysis  of  these  data 
was  performed. 

Results  and  Discussion 

The  list  of  approved  primary  contacts  changed 
throughout  the  Skylab  program.  Names  were 
added  or  deleted  as  required.  The  population  of 
primary  contacts  for  each  flight  was  assumed  to 
be  the  number  recorded  on  the  master  list  at  the 
end  of  each  mission  (table  7-II).  At  all  times 
class  A primary  contacts  were  only  slightly  less  in 
number  than  class  B primary  contacts.  The  total 
number  of  primary  contacts  ranged  from  620  to 
709  throughout  the  Skylab  Program  until  21  days 
into  the  Skylab  4 mission ; program  coverage  pro- 
vided only  for  140  personnel  for  the  remainder 
of  the  Skylab  4 mission.  In  all  cases,  the  great 
majority  of  primary  contacts  were  located  at  the 
Johnson  Space  Center. 


Active  surveillance  of  class  A primary  contacts 
produced  a total  of  only  23  referrals  to  the  clinic 
from  a total  of  3483  examinations  (table  7-III). 
The  small  number  of  possible  illnesses  discovered 
by  this  procedure  suggests  that  active  surveillance 
indirectly  influenced  the  primary  contacts  to  re- 
port their  illnesses  voluntarily.  In  this  indirect 
way,  the  presence  of  a nurse  at  the  entrance  of 
the  work  area  may  have  protected  the  crewmen 
from  infectious  agents. 

A total  of  197  illnesses  were  reported  to  the 
Medical  Surveillance  Office  during  the  Skylab  pro- 
gram. Of  these  reports,  88  percent  were  reported 
from  Johnson  Space  Center  and  the  remaining  12 
percent  were  from  the  Kennedy  Space  Center 
(table  7-IV). 

The  rate  of  illness  reported  by  the  primary  con- 
tacts declined  from  Skylab  2 to  Skylab  4 (table 
7-V).  During  Skylab  2 the  rate  of  illness  report- 
ing was  10.7  illnesses/1000  primary  contacts  per 
week.  During  Skylab  3 the  rate  declined  to  8.4 
and  during  Skylab  4 to  6.7.  The  drop  in  illness 
rate  is  especially  dramatic  since  the  lowest  rates 
occurred  during  the  winter  season  when  most 
respiratory  infections  were  expected. 

The  upper  respiratory  infection  was  by  far  the 
most  frequently  reported  illness  by  primary  con- 


Table  7-II. — Population  of  Primary  Contacts  for  the  Skylab  Missions 


Skylab 

mission 

Number  of  primary  contacts 

Location  of  primary  contacts 

Class  A 

Class  B 

Total 

JSC 

KSC 

Other 

2 

280 

340 

620 

561 

36 

23 

3 

316 

393 

709 

620 

33 

56 

4 (Pre-)' 

300 

333 

633 

550 

35 

48 

4 (Post^)* 

108 

32 

140 

121 

0 

19 

1 Preflight  plus  first  21  mission  days. 

2 Mission  day  22  through  7 days  after  recovery. 


Table  7-IIL — Active  Surveillance  of  Class  A Primary  Contacts 


Active  surveillance 

Skylab  mission 

Total 

number 

2 

3 

U 

Class  A contacts  examined 

1124 

1104 

1255 

3483 

Contacts  referred  to  clinic 

4 

0 

19 

23 

Examining  days 

29 

22 

29 

80 

Contacts  examined/day  (avg) 

39 

50 

43 

44 

48 
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Table  7-IV — Location  of  Primary  Contacts  Reporting  Illness 


Skylab 

mission 

Number  of  illnesses  reported 

Total/ mission 

JSC 

KSC 

2 

67 

3 

70 

3 

61 

20 

81 

4 (Pre-)' 

36 

1 

37 

4 (Post-)* * 

9 

0 

9 

Total 

173 

24 

197 

1 PrefliETht  plus  first  21  mission  days. 

^ Mission  day  22  through  7 days  after  recovery. 


Table  7-V. — Rate  of  Illness  Events  Reported  by  Primary  Contacts 


Primary  contact  group 

Skylab  mission 

2 

3 

U (Pre-p 

4 (Post-y 

Class  A contact 

*10.5 

8.6 

8.8 

"15.0 

Class  B contact 

10.9 

8.2 

M.8 

3.6 

Both 

10.7 

8.4 

6.7 

6.2 

1 Preflight  plus  first  21  mission  days. 

^ Mission  day  22  through  7 days  after  recovery. 

® Rate  expressed  as  number  of  illnesses  reported  per  1000  persons  per  week. 
* Based  on  5 or  less  events. 


Table  7-VI. — Type  of  Illnesses  Reported  by  Primary  Contacts 


Total  reported 

Percent  reported 

(all  missions) 

per  Skylab  mission 

Symptom  complex^ 

Percent  of 

Number  * total  * 

2 S Jt 

Upper  respiratory 

infection 

Bronchitis 

8 

Pneumonia 

0 

Upper  enteric  illness 

13 

Lower  enteric  illness 

13 

Fever  present 

20 

Headache  present 

11 

Skin  infection  present 

12 

Other  infectious  illness 

2 

81 

4 

0 

7 

7 

10 

6 

6 

1 


79 

6 

0 

9 

6 

6 

4 

7 

1 


83 

2 

0 

4 

9 

14 

9 

7 

1 


80 

4 


1 One  illness  may  contain  more  than  one  symptom. 

* Sky  lab  2 and  4 only;  see  text. 
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Table  7-VII. — Location  of  Primary  Contacts 
Reporting  Contact  to  an  Infectious  Illness 


Skylab 

mission 

Number  of  contacts  reported 

Total /mission 

JSC 

KSC 

2 

49 

0 

49 

4 (Pre-)" 

19 

1 

20 

4 (Post-)" 

4 

0 

4 

Total 

72 

1 

73 

1 Preflight  plus  first  21  mission  days. 

* Mission  day  22  through  7 days  after  recovery. 


Table  7— VIII. — Rate  of  Contacts  to  Illness 
Reported  by  Primary  Contacts 


Primary  contact  group 

Skylab  mission 

2 

4 (Pre-y 

-4  (PosUy 

Class  A 

^10.8 

4.6 

*3.6 

Class  B 

4.7 

2.8 

0.0 

Both 

7.5 

3.6 

*2.7 

1 Preflight  plus  first  21  mission  days. 

2 Mission  day  22  through  7 days  after  recovery. 

® Rate  expressed  as  number  of  contacts  to  illness  reported  per  1000 
persons  per  week. 

* Based  on  4 events  or  less. 


tacts  (table  7-VI).  Symptom  complexes  other 
than  the  upper  respiratory  infection  were  rela- 
tively low  and  equally  distributed  in  number.  All 
of  the  percentages  were  below  10  percent  with  the 
exception  of  the  reported  presence  of  fever  which 
reached  14  percent  on  Sky  lab  3 and  11  percent  on 
Skylab  4. 

As  with  the  illness  reporting,  the  vast  majority 
of  reports  of  contact  to  illness  originated  from  the 
primary  contacts  at  the  Johnson  Space  Center 
(table  7-VII).  Of  a total  of  73  reports  only  two 
came  from  other  sources  on  the  Skylab  2 and 
Skylab  4 missions.  Skylab  3 contacts  to  illness  are 
not  reported  here  due  to  an  error  in  recording 
reports.  The  rates  of  reporting  contacts  to  illness 
are  shown  in  table  7-VIII.  Although  Skylab  3 
data  are  not  available,  the  reporting  trend  appears 
to  decrease  in  rate  in  the  same  manner  as  illness 
reporting. 

Exposure  to  persons  with  upper  respiratory  in- 
fections was  the  most  frequently  reported  contact 
with  illness,  with  57  percent  and  67  percent  re- 
ported for  Skylab  2 and  Skylab  4,  respectively 
(table  7-IX).  A greater  percentage  of  upper  and 
lower  enteric  illness  contacts  were  reported  for 
Skylab  4 than  for  Skylab  2.  None  of  the  Skylab  4 
reports  involved  skin  infections  while  18  percent 


Table  7-IX. — Types  of  Illnesses  With  Which  Primary  Contacts 

Reported  Contact 


Total  reported 
(All  missions) 

Percent  reported 
per  Skylab  mission 

Symptom  complex^ 

Number  ^ 

Percent  of 
total " 

2 

U 

Upper  respiratory 
infection 

44 

60 

57 

67 

Bronchitis 

3 

4 

4 

4 

Pneumonia 

2 

3 

2 

4 

Upper  enteric  illness 

9 

12 

10 

17 

Lower  enteric  illness 

9 

12 

8 

21 

Fever 

8 

11 

6 

21 

Headache 

7 

10 

8 

13 

Skin  infection 

9 

12 

18 

0 

Other  infectious  illness 

4 

5 

8 

0 

^ One  illness  may  contain  more  than  one  symptom. 
* Skylab  2 and  4 only;  see  text. 
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of  the  Skylab  2 reports  involved  contact  with  skin 
infections. 

Figures  7-1  and  7-2  show  plots  of  weekly  re- 
ported illnesses  and  exposure  to  infectious  diseases 
for  Skylab  2 and  Skylab  4.  Correlation  in  the 
reporting  of  the  two  events  can  be  observed  on  both 
Skylab  2 and  Skylab  4.  The  decreasing  rate  of 
reporting  contacts  parallels  the  decreasing  rate  of 
illness  reporting.  The  pattern  of  reporting  for 
illness  events  throughout  the  Skylab  Program  is 
illustrated  in  figure  7-3.  An  increased  rate  of  re- 
porting occurred  during  the  preflight  and  post- 
flight isolation  periods.  Immediately  after  launch, 
reporting  decreased  and  remained  low  during  the 
missions.  Primary  contacts  responded  to  the  Sky- 
lab Flight  Crew  Health  Stabilization  Program 
when  it  was  obvious  to  them  that  reporting  would 
be  helpful.  To  the  primary  contact  the  most  obvi- 
ous time  for  reporting  was  the  time  when  the 
crewmen  were  physically  present. 

A summary  of  the  illness  occurrences  in  the 
Apollo  and  Skylab  crewmen  at  mission  critical 
times  is  presented  in  table  7-X.  A high  rate  of  in- 
fection occurred  in  crewmen  from  Apollo  7 
through  Apollo  13  in  the  absence  of  a Flight  Crew 
Health  Stabilization  Program  (refs.  4,  5).  The  in- 


April May  June 

Week  of  onset,  1973 


fections  included  a number  of  upper  respiratory 
infections,  viral  gastroenteritis,  and  one  rubella 
exposure.  These  infections  are  notably  absent  with 
the  beginning  of  the  Flight  Crew  Health  Stabili- 
zation Program  on  Apollo  14  through  the  Skylab 
4 mission.  During  the  missions  of  Skylab  3 and 
Skylab  4 a minor  skin  infection,  or  rash,  occurred 
on  two  of  the  crewmen  of  each  mission.  It  is  doubt- 
ful that  either  of  the  latter  could  have  been  pre- 
vented by  the  measures  taken  in  the  health 
stabilization  programs  as  each  problem  appears  to 
have  occurred  for  reasons  other  than  preflight 
exposure.  The  results  indicate  that  the  Flight 
Crew  Health  Stabilization  Program  has  success- 
fully accomplished  its  goal  in  reducing  the  number 
of  illness  exposures  to  flight  crewmen. 

Conclusion 

The  majority  of  illnesses  and  contacts  to  ill- 
nesses reported  by  the  primary  contacts  was  the 
upper  respiratory  infections.  Enteric  illnesses  rep- 
resented the  next  most  common  illness,  but  these 
were  relatively  rare  compared  to  the  upper  re- 
spiratory infections.  The  Skylab  Flight  Crew 
Health  Stabilization  Program  included  a number 
of  preventive  measures  to  reduce  the  spread  of 
respiratory  infections.  This  emphasis  was  well 
placed. 
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Week  of  onset,  1973-74 


Figure  7-1. — Skylab  2 Flight  Crew  Health  Stabilization 
Program. 


Figure  7-2. — Skylab  4 Flight  Crew  Health  Stabilization 
Program. 
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Figure  7—3. — Skylab  Flight  Crew  Health  Stabilization  Program  pattern  of  reporting. 
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Table  7-X. — Effect  of  the  Flight  Crew  Health  Stabilization  Program 
on  the  Occurrence  of  Illness  in  Prime  Crewmen 


Health  stabilization  program  absent 

Health  stabilization  program  operational 

Mission 

Illness 

type^ 

Number  of 
crewmen 
involved 

Time 
period  “ 

Mission 

Illness 

type^ 

Number  of 
crewmen 
involved 

Time 
period  ^ 

Apollo  7 

URI 

3 

M 

Apollo  14 

8 

VG 

3 

P,M 

15 

9 

URI 

3 

P 

16 

10 

URI 

2 

P 

17 

SI 

1 

P 

11 

Skylab  2 

12 

SI 

2 

M 

3 

SI 

2 

M 

13 

R 

1 

P 

4 

SI 

2 

M 

^Illness  type:  * Time  period: 

URI,  Upper  respiratory  infection.  M.  During:  mission. 

VG,  Viral  grastroenteritis.  P,  Premission. 

SI,  Skin  infection. 

R,  Rubella  exposure. 
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By  training  primary  contacts  to  report  illness 
and  by  using  a nurse  in  active  surveillance,  the 
Skylab  Flight  Crew  Health  Stabilization  Program 
seems  to  have  been  effective  in  reducing  the  num- 
ber of  infectious  illness  contacts  with  the  crew- 
men during  the  isolation  period.  The  effort  made 
to  reduce  the  number  of  primary  contacts  was  of 
greatest  importance  to  the  goals  of  the  program. 
Limiting  crew  contact  to  a defined,  and  medically 


controlled,  population  of  primary  contacts  should 
be  continued  in  future  programs.  A Flight  Crew 
Health  Stabilization  Program  for  future  space 
missions,  therefore,  should  emphasize  the  initial 
and  continuous  training  of  primary  contacts,  lim- 
ited and  active  surveillance,  specific  preventive 
measures  for  upper  respiratory  infections,  and 
the  need  for  concurrent  analysis  of  epidemiological 
data  throughout  the  program. 
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CHAPTER  8 

Skylab  Environmental  and  Crew  Microbiology 
Studies 

Gerald  R.  Taylor,”  Richard  C.  Graves,”  Royce  M.  Brock- 
ETT,"  J.  Kelton  Ferguson,*  and  Ben  J.  Mieszkuc  * 


The  objectives  of  the  Skylab  mircrobiology 

studies  were  to  detect  the  presence  of  poten- 
tially pathogenic  micro-organisms  on  the  crew- 
members and  their  spacecraft  and  to  obtain  data 
which  would  contribute  to  an  understanding  of  the 
response  of  the  crew’s  microbial  flora  to  the  space 
flight  environment.  These  data  were  interpreted 
in  light  of  the  theories  of  microbial  simplification, 
intercrew  transfer  of  medically  important  micro- 
organisms, in-flight  autoinfections,  and  postflight 
microbial  shock,  which  have  been  proposed  by 
various  authors  (ref.  1). 

Before  and  after  each  flight,  the  12  areas  out- 
lined in  table  8-1  were  sampled  from  each  astro- 
naut. Two  calcium  alginate  swabs,  wetted  in 
phosphate  buffer,  were  used  to  sample  the  nostrils 
and  each  external  body  surface  area.  A single,  dry 
alginate  swab  for  virological  analysis  was  used  to 
sample  the  throat.  Phosphate  buffer  was  used  to 
wash  the  oropharyngeal  cavity.  Additionally,  a 
midstream  urine  sample  was  collected  from  the 
first  void  of  the  day  and  fecal  specimens  were  col- 
lected at  the  convenience  of  the  subject.  In-flight 
crew  samples,  as  noted  on  table  8-1,  were  collected 
16  days  before  termination  of  each  Skylab  mission 
and  returned  under  chilled  conditions  for  analyses. 

Samples  were  collected  before,  during,  and  after 
each  Skylab  mission,  as  shown  in  figure  8-1.  The 
Orbital  Workshop  was  sampled  up  to  10  times,  in- 
cluding one  preflight  sample  set.  In-flight  air 
samples  were  collected  2 days  before  the  end  of 

■ NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

**  United  States  Air  Force  School  of  Aerospace  Medicine, 
Brooks  Air  Force  Base,  San  Antonio,  Texas. 


each  mission.  The  Command  Module  was  sampled 
on  launch  and  recovery  days  for  each  mission.  In 
all  cases  samples  collected  in-flight  were  stored 
differently,  and  for  a longer  time  than  were  pre- 
flight and  postflight  samples.  Therefore,  direct 
correlation  of  the  resulting  data  is  not  always 
applicable. 


Table  8-1. — Crew  Sample  Collection  Sites  ^ 


Sample 

designation 

Area  sampled 

Neck 

13  cm*  below  hairline  at  base  of  neck. 

Ears* 

Right  and  left  external  auditory  canals 
with  two  revolutions  of  each  swab  in 
each  ear  canal. 

Axillae 

6.5  cm*  below  hair  area  on  each  side. 

Hands 

6.5  cm*  on  right  and  left  palms. 

Navel 

The  internal  area  of  the  umbilicus,  and  a 
surrounding  13  cm*  area  with  at  least 
two  revolutions  made  with  each  swab. 

Groin 

5 cm  strip  from  rear  to  front  on  right  and 
left  inguinal  area  between  legs. 

Toes  * 

Area  between  the  two  smallest  toes  of  each 
foot. 

Nares  * 

Both  nostrils. 

Throat  swab* 

Surfaces  of  tonsils  and  posterior  pharyn- 
geal vault  swabbed  with  each  of  two  dry 
calcium  alginate  swabs. 

Gargle 

60  cm*  phosphate  buffer  used  as  gargle 
and  washed  through  oral  cavity  three 
times. 

Urine 

60  cm  * midstream  sample. 

Feces 

Two  samples  of  100  mg  each  taken  from 
center  of  the  fecal  specimen. 

^ All  samples  collected  before  and  after  each  flight. 

2 These  samples  also  collected  in-flight  16  days  before  return  from 
Skylab. 
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A = Sample  collected  •••••••  = Postflight  period 

■■  M M ^ Preflight  period  OWS  = Orbital  workshop 

'■  = In-flight  period 

Figure  8—1. — Skylab  microbiology  sample  collection  scheme  (1973—74). 


In  excess  of  ten  thousand  selected  microbial  iso- 
lates were  analyzed  by  quantitation,  identification, 
and  characterization.  For  this  report,  the  effects 
of  space  flight  conditions  on  microbial  populations 
will  be  examined  only  to  the  first  level  of  complex- 
ity. That  is,  only  alterations  affecting  the  total 
autoflora  will  be  evaluated.  More  detailed  analyses 
conducted  at  increasing  degrees  of  complexity  will 
be  published  elsewhere. 

Results  and  Discussion 

Changes  in  the  Habitability  of  the  Skylab  En- 
vironment.— Microbial  Content  of  In-flight  Skylab 
Air. — The  concentration  of  bacteria  recovered 
from  air  samples  obtained  2 days  before  return 
from  each  Skylab  visit  are  displayed  in  figure 
8-2.  Low  levels  of  in-flight  bacterial  contamina- 
tion were  observed  on  the  first  two  missions, 
whereas  the  recovery  from  Skylab  4 was  consider- 
ably higher.  These  higher  counts  were  due  en- 
tirely to  an  influx  of  Serratia  marcescens,  a 
micro-organism  which  has  been  shown  to  produce 
various  infections  in  man  (ref.  2).  Whereas  this 
species  was  not  recovered  from  any  preflight  crew 
sample  analysis,  it  was  recovered  from  multiple 


sites  from  all  three  Skylab  4 astronauts  immedi- 
ately upon  recovery.  Further,  this  species  persisted 
in  the  nasal  cavity  of  the  Pilot  throughout  the 
postflight  quarantine  period.  Subsequent  investi- 


Figure  8—2. — Concentration  of  bacteria  in  the  Skylab  air 
from  samples  collected  2 days  before  mission  termination. 
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gation  demonstrated  several  potential  sources 
of  this  micro-organism  in  the  Skylab  environment. 
However,  these  potential  sources  could  not  be 
sampled  in-flight  and,  therefore,  a direct  correla- 
tion could  not  be  made.  By  active  microbial  mon- 
itoring, the  release  of  this  microbial  contamination 
into  the  Orbital  Workshop  was  traced  from  possi- 
ble sources,  was  detected  in  the  Skylab  air,  was 
subsequently  recovered  as  a new  species  from  all 
three  crewmembers,  and  was  ultimately  shown  to 
colonize  the  nasal  passages  of  one  astronaut. 

Bacterial  Recovery  from  Sample  Sites  within 
the  Skylab  Orbital  Workshop. — The  total  concen- 
trations of  viable  bacterial  cells  recovered  from 
the  Skylab  spacecraft  surface  sites  at  various 
sampling  periods  are  presented  in  figure  8-3.  These 
in-flight  samples  were  collected  to  evaluate  the 
level  of  microbial  contamination  occurring  in  the 
Orbital  Workshop.  The  results  of  analyses  of  sam- 


ples collected  prior  to  launch  are  typical  of  a clean 
(although  obviously  not  sterile)  environment.  The 
reduction  of  aerobic  bacteria  recovered  from  the 
Skylab  2 in-flight  samples  is  probably  a reflection 
of  the  thermal  problems  experienced  in  the  Orbital 
Workshop  after  launch.  Although  there  was  a 
simultaneous  tenfold  increase  in  the  presence  of 
anaerobic  bacteria,  the  Skylab  2 crew  apparently 
entered  a very  clean  environment,  which  remained 
relatively  clean  during  the  mission. 

The  recovery  of  both  aerobic  and  anaerobic  bac- 
teria from  the  Skylab  3 mission  increased  another 
1 to  2 logio  units,  with  no  apparent  reason  except 
for  increased  length  of  habitation  by  the  crew- 
members. During  the  84-day  Skylab  4 mission  the 
total  concentration  of  aerobic  bacteria  remained 
nearly  constant  although  anaerobe  recovery  de- 
creased significantly.  This  drop  was  due  to  the 
loss  of  Propionibacterium  acnes  which  contributed 


Sample  period 


A-Sample  collected  16  days  before  return  from  orbital  workshop 
B=Sample  collected  2 days  before  return  from  orbital  workshop 


Figure  8—3. — Concentration  of  bacteria  on  surfaces  in  the  Skylab  spacecraft. 
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strongly  to  the  anaerobe  population  of  the  other 
two  Skylab  missions.  This  loss  of  P,  acnes  reflects 
a similar  loss  of  anaerobic  bacteria  from  the  skin 
surfaces  of  the  astronauts  (these  data  will  be 
presented  later  in  this  paper) . Therefore,  this  de- 
crease in  anaerobic  bacterial  contamination  of  the 
Skylab,  was  shown  to  directly  reflect  a decrease 
in  these  same  microbes  in  the  contaminating  res- 
ervoir, the  skin  of  the  astronauts. 

The  recovery  of  aerobic  bacteria  from  15  sites 
within  the  Apollo  Command  Modules,  sampled  im- 
mediately before  and  after  each  mission  to  the 
Skylab,  are  summarized  in  figure  8-4.  Whereas 

CM 


Skylab  2 Skylab  3 Skylab  4 

Sample  period 

A=Sample  collected  the  morning  of  CM  launch  (F— 0) 

B=Sample  collected  recovery  day  (R+0) 

Figure  8—4. — Concentration  of  aerobic  bacteria  on  surface 
in  the  Command  Module. 

there  was  some  variation  in  the  contamination 
level  of  the  different  Command  Modules,  there 
were  no  major  differences  between  preflight  and 
postflight  values  for  a particular  Command  Mod- 
ule. Therefore,  the  variations  noted  in  the  Orbital 
Workshop  could  not  be  shown  to  affect  population 
levels  in  the  Command  Modules. 

Fungal  Recovery  from  Sample  Sites  within  the 
Skylab  Orbital  Workshop. — It  had  been  suggested 
that  molds  would  present  problems  on  long-term 
space  flights,  especially  if  high  humidities  were 
experienced  (ref.  3).  Figure  8-5  shows  the  num- 
ber of  fungal  isolations  from  the  Skylab  vehicle 
before  launch  and  during  each  mission.  These 


numbers  were  low  until  the  Skylab  4 mission.  Al- 
though overall  humidity  was  low  on  the  Skylab  4 
mission,  local  areas  of  high  humidity  cannot  be 
entirely  eliminated.  The  reasons  for  the  large  in- 
crease in  fungal  isolations  on  Skylab  4 have  been 
well  established.  Early  in  the  Skylab  4 mission,  it 
was  discovered  that  ‘‘mildew’’  was  present  on  the 
liquid-cooled  garments  which  had  been  previously 
stowed  aboard.  A sample  was  taken  off  this  growth, 
and  one  liquid  cooled  garment  was  returned  for 
additional  sampling.  In  general,  the  species  of 
fungi  isolated  from  surface  samples  and  air  sam- 
ples were  the  same  species  isolated  from  the  liquid 
cooled  gannent.  These  same  micro-organisms  also 
contaminated  the  Petri  dishes  of  the  ED31  experi- 
ment flown  on  Skylab  4.  It  is  apparent  that  the 
liquid-cooled  garments  were  the  source  of  spore 
contamination  since  some  of  these  garments  had 
not  previously  been  removed  from  their  original 
containers,  but  were  subsequently  found  to  harbor 
these  micro-organisms. 


Skylab  2 Skylab  3 Skylab  4 

Sample  period 


A=Sample  collected  16  days  before  return  from  orbital  workshop 
B=Sample  collected  2 days  before  return  from  orbital  workshop 

Figure  8—5. — Fungal  isolations  from  surfaces  in  the  Skylab 
spacecraft. 
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This  contamination  was  also  reflected  in  the  re- 
covery of  fungi  from  the  crew  samples  collected  16 
days  before  return  from  Skylab.  For  Skylab  2 and 
Skylab  3,  a total  of  two  and  zero  filamentous 
fungi,  respectively,  was  isolated  from  the  crew  in- 
flight. On  Skylab  4 a total  of  11  fungi  were  iso- 
lated, including  a significant  contamination  to  the 
astronauts.  It  is  important  to  note  that  this  con- 
tamination to  the  crew  was  demonstrated  62  days 
after  the  first  exposure  to  the  liquid-cooled  gar- 
ments, indicating  either  continued  contamination 
from  inanimate  sources,  abnormally  slow  return 
to  normal  levels,  or  both. 

The  number  of  fungal  species  isolated  from  the 
15  Command  Module  sites  before  and  after  each 
Skylab  mission  is  shown  in  figure  8-6.  These  data 


Sample  period 


A=Sample  collected  the  morning  of  CM  launch  (F— 0) 

B=Sample  collected  recovery  day  (R+0) 

Figure  8-6. — Fungal  isolation  from  surfaces  in  the  Com- 
mand Module. 

illustrate  that  the  fungal  contamination  of  the 
Orbital  Workshop  during  the  Skylab  4 mission  did 
not  affect  the  Command  Module  samples  collected 
on  recovery  day.  Although  the  Command  Module 
was  attached  to  the  Orbital  Workshop  during  this 
period  of  contamination,  it  was  a separate  entity, 
out  of  the  area  of  heavy  use,  and  away  from  the 
contaminating  space  suits.  This  relatively  clean 
Command  Module  probably  contributed  to  the  low 


level  of  fungal  contamination  of  the  crew  post- 
flight. 

Postflight  Variation  in  the  Major  Components 
of  the  Auto  flora, — Aerobic  Bacteria. — Prior  to  the 
Skylab  missions,  several  authors  had  theorized 
that  major  microflora  changes  might  occur  during 
space  flight  and  that  these  changes  might  not  be 
compatible  with  man's  health  and  welfare  on  ex- 
tended missions  (refs.  4,  5,  6,  7,  8,  9, 10, 11, 12, 13, 
14,  15).  The  theoretical  change  which  was  most 
often  proposed  called  for  a ‘‘microbial  simplifica- 
tion" which  may  be  defined  as  a major  decrease  in 
the  number  of  different  types  of  micro-organisms 
in  the  autoflora.  To  evaluate  this  hypothesis,  the 
variations  of  the  aerobic  bacterial  portion  of  the 
total  autoflora  within  sample  collection  sites  were 
analyzed  as  shown  in  figure  8~7.  This  analysis 


Legend; 

Bars  above  the  line  indicate  the  number  of  areas  tested  for 
which  values  were  obtained  that  were  higher  than  the  pre- 
flight range.  Bars  below  the  line  indicate  the  number  of 
areas  with  decreased  values  postflight  (R+0).  All  values 
represent  the  mean  of  three  astronauts.  Ten  sites  were 
sampled  from  each  astronaut. 

^ * Total  count  of  viable  cells 
□ * Number  of  different  genera 
m * Number  of  different  species 

Figure  8-7. — Postflight  change  in  aerobic  bacteria. 

shows  that  the  frequency  with  which  recovery  day 
values  lie  outside  the  preflight  range  is  similar  for 
the  10-day  Apollo  14  mission  and  the  three  Skylab 
missions.  More  specifically,  the  total  number  of 
viable  cells  recovered  was  frequently  higher  post- 
flight whereas  the  number  of  genera  and  species 
decreased  in  all  missions  except  Skylab  4.  There- 
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fore,  it  is  possible  to  make  the  following  observa- 
tions concerning  recovery  of  aerobic  bacteria 
following  these  space  flights.  Values  obtained  from 
immediate  postflight  sample  analyses  are  fre- 
quently outside  of  the  established  preflight  range. 
When  different,  these  values  most  often  reflect  an 
increase  in  total  number  of  viable  cells  and  a de- 
crease in  the  number  of  different  genera  and  spe- 
cies recovered. 

Anaerobic  Bacteria. — A similar  analysis  of  the 
anaerobic  bacterial  portion  of  the  total  autoflora 
is  shown  in  figure  8-8.  The  analysis  presented  in 
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Legend: 

Bars  above  the  line  indicate  the  number  of  areas  tested  for 
which  values  were  obtained  that  were  higher  than  the  pre- 
flight range.  Bars  below  the  line  indicate  the  number  of 
areas  with  decreased  values  postflight  (R+0).  All  values 
represent  the  mean  of  three  astronauts.  Ten  sites  were 
sampled  from  each  astronaut. 

^ = Total  count  of  viable  cells 
I I = Number  of  different  genera 
^ = Number  of  different  species 


Figure  8—8. — Postflight  change  in  anaerobic  bacteria. 


this  figure  illustrates  that  the  anaerobic  portion 
of  the  autoflora  behaves  quite  differently  than  the 
aerobic  portion.  The  frequency  and  direction  of 
postflight  change  is  different  from  each  Skylab 
mission,  but  apparently  is  not  related  to  mission 
duration  (as  the  10-day  Apollo  14  and  the  84-day 
Skylab  4 results  are  most  similar).  Following  the 
Apollo  14,  Skylab  2 and  Skylab  4 missions,  fewer 
viable  anaerobic  cells  and  fewer  genera  and  spe- 
cies were  recovered  from  up  to  70  percent  of  the 
sites  sampled.  However,  this  is  not  a universal 
event  as  all  of  these  values  increased  in  some  sam- 


ple areas  following  Skylab  3 mission.  These  post- 
flight increases  were  due  to  an  unusually  high 
level  of  contamination  with  Propionibacterium 
acnes  on  the  skin  of  the  Skylab  3 astronauts  which 
matched  exactly  the  increased  contamination  of 
Skylab  surfaces  mentioned  earlier. 

The  summaries  presented  in  figures  8-7  and  8-8 
indicate  that,  whereas  the  trends  are  not  inviolate, 
the  following  conclusions  may  be  stated.  Gross 
numerical  changes  in  the  autoflora  cannot  be  cor- 
related with  mission  duration  up  to  84  days.  Total 
numbers  of  viable  bacterial  cells  tend  to  increase 
for  aerobes  and  decrease  for  anaerobes.  The  num- 
ber of  different  aerobic  genera  and  species  change 
little,  whereas  there  is  generally  a decrease  in  the 
number  of  different  anaerobic  types  recovered. 

Yeasts  and  Filamentous  Fungi. — We  have  previ- 
ously shown,  as  demonstrated  in  figure  8-9,  that 


Apollo  14 
Apollo  15 


Figure  8-9. — ^Total  number  of  fungal  species  recovered 
from  each  set  of  Apollo  14  and  15  crew  samples  (ref. 
16), 


for  the  Apollo  missions  there  was,  typically,  a 
significant  reduction  in  the  number  of  isolated 
fungal  species  up  to  the  launch  day.  This  was 
taken  to  be  indicative  of  severely  restricting  op- 
portunities of  contamination  to  the  crew  for  3 
weeks  before  flight.  Analysis  of  postflight  Apollo 
data  indicated  that  exposure  to  the  space  flight 
environment  for  up  to  2 weeks  resulted  in  an  even 
greater  reduction  with  a relative  increase  in  inci- 
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dence  of  the  potential  pathogen,  Candida  albicans 
(ref.  16). 

Essentially  the  same  pattern  may  be  demon- 
strated from  the  Skylab  2 and  Skylab  3 data,  as 
shown  in  figure  8-10.  However,  fungal  recovery 
was  not  depressed  following  the  59-day  mission  of 
Skylab  3,  indicating  increased  exposure  to  fungi 
within  the  Skylab.  Results  of  the  same  analyses 
for  Skylab  4 are  also  shown  in  figure  8-10  where 
essentially  the  same  pattern  is  again  demonstrated. 
This  is  an  important  observation  in  light  of  the 
previously  mentioned  in-flight  contamination  of 
the  Orbital  Workshop  and  Skylab  4 crew  and  the 
fact  that  the  Skylab  4 Pilot  sustained  a “rash”  in- 
flight which  was  presumed  to  be  a mycotic  infec- 


tion and  responded  to  treatment  with  Tinactin®. 
In  spite  of  the  gross  contamination,  the  probable 
mycotic  infection,  and  the  epic  length  of  the  space 
flight,  approximately  the  same  number  of  fungal 
isolates  were  recovered  from  the  Skylab  4 crew- 
members throughout  the  17-day  postflight  quaran- 
tine period.  This  indicates  that  with  adequate 
preparation,  monitoring,  and  treatment  (if  neces- 
sary) it  is  possible  to  control  mycological  prob- 
lems in  space  for  missions  of  this  length  where  the 
humidity  is  generally  low. 

Behavior  of  Medically  Important  Components 
of  the  Autoflora. — Opportunity  for  Postflight 
Microbial  Shock. — A summary  of  the  numerical 
means  of  recovered  isolates  of  medically  impor- 


Figure  8—10. — Total  number  of  fungal  species  recovered  from  each  set  of  Skylab  crew 

samples. 


tant  micro-organisms  from  all  nine  prime  Skylab 
crewmembers  is  presented  in  figure  8-11.  This 
summary  indicates  that  the  incidence  of  these 
species  on  the  body  decreased  during  the  preflight 
quarantine  period,  to  establish  a low  point  the 
morning  of  launch.  This  event  no  doubt  reflects 
decreased  contact  with  these  species  during  this 
quarantine  period.  The  largest  number  of  medi- 
cally important  micro-organisms  is  recovered 
from  the  immediate  postflight  sample  set  after 
which  the  value  returns  to  its  near  normal  pre- 
quarantine value. 

Several  authors  have  warned  that  returning 
space  travelers  may  experience  a “Microbial 
Shock”  and  may  respond  negatively  to  renewed 
contact  with  potentially  pathogenic  micro- 


preflight  preflight  day,  F-0  day,  R+0  postflight 
quarantine  quarantine  quarantine 

Figure  8-11. — Mean  of  combined  incidence  of  recovery  of 
medically  important  bacteria  from  all  three  Skylab  mis- 
sions. 


60 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


organisms  which  are  absent  in  the  space  flight 
environment  (refs.  7,  12,  17,  18,  19,  20). 

This  warning  is  based  on  the  assumption  that 
contact  with  potential  pathogens  during  space 
flight  would  be  limited,  resulting  in  a reduction  of 
immunocompetence.  However,  these  data  show 
that  there  is  an  increase  in  the  distribution  of  po- 
tential pathogens  immediately  following  space 
flight.  This  result  supports  earlier  findings  re- 
ported for  shorter  duration  space  flights  (refs.  14, 
17,  21,  22,  23).  Therefore,  if  a reduction  in  total 
immunocompetence  was  to  occur  during  these  mis- 
sions, it  is  difficult  to  see  how  this  reduction  would 
be  in  response  to  decreased  contact  with  medically 
important  components  of  the  autoflora.  As  with 
the  Apollo  missions,  there  was  no  clinical  or  micro- 
biological evidence  of  any  “Microbial  Shock’'  fol- 
lowing any  of  the  Skylab  missions. 

Intercrew  Transfer  of  Potentially  Pathogenic 
Micro-organisms. — Transfer  of  pathogenic  micro- 
organisms between  crewmembers  during  space 
flight  has  previously  been  reported  for  missions  up 
to  18  days  (refs.  17,  21,  22,  24).  During  the  Sky- 
lab series  it  was  possible  to  demonstrate  in-flight 


cross-contamination,  colonization,  and  in-flight  in- 
fection with  Staphylococcus  aureus.  Most  strains 
of  this  species,  which  is  one  of  the  most  infectious 
of  the  common  inhabitants  of  man’s  autoflora,  may 
be  distinguished  by  their  reaction  with  specific 
bacteriophages.  This  allows  us  to  monitor  the  ex- 
change of  these  microbes  with  greater  resolution. 
The  phage-type  pattern  of  S.  aureus  recovery  for 
Skylab  2 is  shown  on  table  8-II.  These  data  show 
that  the  same  S.  aureus  phage  type  was  repeatedly 
recovered  from  the  nasal  passages  of  the  Pilot, 
indicating  that  this  crewmember  was  a carrier  of 
this  micro-organism.  Although  spread  to  the  Or- 
bital Workshop  was  demonstrated,  there  was  ap- 
parently no  transfer  to  the  other  crewmembers 
in-flight.  Therefore,  being  restricted  to  a confined 
space  for  28  days  with  an  S.  aureus  carrier  does 
not  necessarily  result  in  cross  infection. 

A more  complex  situation  is  outlined  in  table 
8-III.  The  data  summarized  in  this  table  indicate 
that  the  Skylab  3 Commander  and  Pilot  were 
both  nasal  carriers  of  S.  aureus,  carrying  phage 
type  3 A and  29/79,  respectively.  Prior  to  the 
flight,  S.  aureus  was  not  recovered  from  any  of 


Table  8-II. — Staphylococcus  aureus  Recovered  During  Skylab  2 Mission 


Sample 

Commander 

Scientist  Pilot 

Pilot 

Orbital  workshop 

period 

(days) 

Sample 

Phage 

Sample 

Phage 

Sample 

Phage 

Number 

Phage 

site 

type 

site 

type 

site 

type 

of  sites 

type 

Pre  flight 

F -70 

C) 

(') 

(’) 

(') 

Nasal 

52 

C) 

(') 

F -40 

(') 

C) 

(') 

(■) 

Nasal 

N.T.* 

(■) 

o 

Urine 

80 

F -25 

Nasal 

N.T. 

o 

(') 

Nasal 

N.T. 

o 

(■) 

F-15 

(') 

(■) 

n 

o 

Nasal 

6/80 

o 

(') 

F -0 

(‘) 

C) 

(■) 

o 

Nasal 

80 

(’) 

(■) 

Gargle 

80 

Scalp 

80 

In-flight 

{') 

(‘) 

o 

C) 

Nasal 

80 

1 

N.T. 

Nasal 

52/80 

1 

80 

Recovery 

R +0 

(’) 

(■) 

n 

(') 

Nasal 

52/80 

(') 

(■) 

R +7 

O 

n 

n 

(') 

(^) 

O 

(*) 

(') 

R +18 

(■) 

(■) 

C) 

(*) 

Nasal 

80 

(') 

(■) 

Gargle 

52/80 

Nasal 

52/80 

1 Indicates  no  S.  aureus  isolated. 

2 N.T.,  Nontypable. 


SKYLAB  ENVIRONMENTAL  AND  CREW  MICROBIOLOGY  STUDIES 


61 


Table  8-III. — Staphylococcus  aureus  Recovered  During  the  Skylab  3 Mission 


Sample 
period 
( days) 

Commander 

Scientist  Pilot 

Pilot 

Orbital  workshop 

Sample 

site 

Phage 

type 

Sample 

site 

Phage 

type 

Sample 

site 

Phage 

type 

Number 
of  sites 

Phage 

type 

Preflight 

F -45 

Nasal 

3A 

o 

o 

Nasal 

29/79 

C) 

C) 

2 skin  sites 

29/79 

F -14 

Nasal 

3A 

C) 

C) 

Nasal 

29/79 

(■) 

(‘) 

4 skin  sites 

3A 

(') 

(‘) 

F -5 

Nasal 

3A 

(') 

C) 

Nasal 

29/79 

c) 

C) 

F -0 

Nasal 

3A 

(‘) 

C) 

(‘) 

(^) 

C) 

C) 

In-flight 

Nasal 

3A 

Nasal 

29/79 

1 skin  site 

N.T.* 

6 sites 

3A 

2 sites 

29/79 

Recovery 

R +0 

Nasal 

3A 

Nasal 

3A 

Nasal 

29/79 

C) 

C) 

1 skin  site 

3A 

Gargle 

3A 

Gargle 

29/79 

1 skin  site 

29/79 

1 skin  site 

3A 

R +7 

Nasal 

3A 

Nasal 

3A 

0) 

0) 

n 

(■) 

3 skin  sites 

3A 

R +18 

Nasal 

3A 

Nasal 

3A 

Nasal 

29/79 

(‘) 

(^) 

Gargle 

3A 

2 skin  sites 

3A 

1 Indicates  no  S.  aureus  isolated. 

2 N.T.,  Nontypable. 


the  Scientist  Pilot  samples.  Analyses  of  in-flight- 
collected  samples  show  that  the  workshop  became 
contamined  with  both  phage  types  and  that  type 
29/79  was  temporarily  transferred  to  the  Scien- 
tist Pilot.  Postflight  analyses  show  that  type  3A 
had  spread  to  the  Pilot  but,  as  could  be  expected 
(ref.  25),  did  not  colonize  this  subject  who  was 
already  a carrier  of  another  phage  type.  Phage 
type  3A  was  repeatedly  isolated  from  the  post- 
flight specimens  of  the  Scientist  Pilot,  indicating 
actual  colonization.  This  is  a clear  demonstration 
of  in-flight  intercrew  transfer  of  a pathogenic 
species  where  the  contaminant  could  be  shown  to 
have  established  itself  as  a member  of  the  auto- 
flora of  the  new  host. 

It  is  important  at  this  point  to  relate  these  ob- 
servations to  crew  in-flight  illness  events  during 
the  Skylab  3 mission.  The  Pilot,  a 29/79  carrier, 
developed  a hordeolum  (sty)  which  was  success- 
fully treated  with  Neosporin®.  The  Commander,  a 
3A  carrier,  developed  axillary  swellings  of  a fu- 
runcle (boil)  type  which  were  treated  with  warm 
compresses.  As  neither  of  these  infections  were 


draining,  in-flight  contingency  samples  were  not 
taken,  so  we  do  not  know  for  sure  the  identity  of 
the  causative  agent.  However,  we  do  know  that  the 
causative  agent  of  both  of  these  maladies  is  usu- 
ally S.  aureus,  and  both  of  these  individuals  were 
carriers  of  this  micro-organism.  Therefore,  it  is 
accurate  to  say  that  we  have  traced  the  develop- 
ment of  a pathogenic  micro-organism  from  its 
preflight  carrier  state  in  two  crewmembers 
through  in-flight  contamination  of  the  Orbital 
Workshop,  and  colonization  on  the  third  crew- 
member. Also,  it  is  highly  probable  that  this 
species  was  responsible  for  the  active  in-flight 
infections  of  the  two  S,  aureus  carriers. 

Conclusions 

A general  overview  of  some  of  the  general  con- 
tamination of  the  Skylab  vehicle  and  of  the  major 
activities  of  the  microbial  autoflora  of  the  Skylab 
astronauts  has  been  presented.  These  data  show 
that,  while  gross  contamination  of  the  Skylab 
environment  was  demonstrated  and  there  were 
several  in-flight  disease  events  (presumably  of 
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microbial  origin) , such  events  were  not  shown  to 
be  limiting  hazards  for  long-term  space  flight. 
Evaluation  of  the  major  groups  of  micro- 
organisms comprising  the  microbial  populations 
tested,  tended  to  support  the  theory  of  microbial 
simplification  for  anaerobic  bacteria,  but  not  for 
other  microbes.  Intercrew  transfer  of  pathogens 
was  demonstrated.  The  data  mediate  against  the 
theory  of  postflight  microbial  shock.  The  question 
of  in-flight  autoinfection  remains  unanswered  be- 
cause none  of  the  in-flight  disease  events  were  eval- 
uated microbiologically. 

Further  general  evaluations  of  the  dynamics  of 
the  autoflora  as  a whole,  and  specific  analyses  of 


selected  species  and  groups,  will  be  published 
separately. 
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CHAPTER  9 

Radiological  Protection  and  Medical 
Dosimetry  for  the  Skylab  Crewmen 

J.  Vernon  Bailey,*  Rudolf  A.  Hoffman,*  Robert  A.  English  * 


Radiological  protection  planning  for  the 
_ Skylab  missions  encompassed  two  major 
areas;  those  radiation  exposures  that  were  “ex- 
pected'' whose  components  were  known  with  rela- 
tive certainty  and  those  radiation  exposures  that 
were  “unexpected"  or  completely  indeterminant. 
The  expected  radiation  components  were  the 
trapped  protons  and  electrons  of  the  Van  Allen 
Belts  (figure  9-1),  galactic  cosmic  rays,  and  the 
emissions  of  onboard  radiation  sources  (table  9-1) . 
The  possibilities  of  unexpected  exposure  included 
energetic  solar  particle  events,  high  altitude  nu- 
clear tests,  and  potential  problems  with  onboard 
sources. 

Premission  analyses  indicated  that  dose  equiv- 
alents from  the  nominal  environment  of  trapped 
(Van  Allen  Belt)  particles  and  galactic  cosmic 
radiations  would  be  well  below  the  limits  adopted 
by  National  Aeronautics  and  Space  Administra- 
tion from  the  National  Academy  of  Sciences  rec- 
ommendations for  manned  space  flight  (table 
9-II)  (ref.  1).  These  analyses  indicated  that  the 
Skylab  2 mission  (28-day  duration)  would  be 
within  the  30-day  limit  category,  while  Skylab  3 
and  4 (59  days  and  84  days,  respectively)  would 
be  within  the  90-day  category.  Because  the  nomi- 
nal environment  would  result  in  doses  well  below 
these  limits,  operational  radiation  support  was 
geared  toward  rapid  identification  and  reaction 
to  any  enhanced  radiation  situation. 

Spacecraft  Radiation  Monitoring 

Mission  rules  establishing  mandatory  onboard 
decisions  concerning  a radiation  enhanced  environ- 

*  NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


ment  were  written  only  for  the  relatively  radia- 
tion sensitive  intervals  of  extravehicular  activity. 
Therefore,  the  astronauts  were  provided  instru- 
mentation and  training  to  insure  that  the  crews 
aboard  Skylab  could  act  autonomously  during  pe- 
riods of  planned  or  unexpected  communication 
loss. 

The  onboard  instruments  available  for  crew 
readout  included  a portable  rate  survey  meter  and 
three  (plus  a spare)  personal  radiation  dosimeters 
which  display  integrated  dose  in  10  millirad  inte- 
grals. The  personal  radiation  dosimeters  and  rate 
survey  meter  provided  the  dual  functions  of  extra- 
vehicular activity  dosimetry  and  dose  rate  moni- 
toring, plus  vehicle  area  monitoring  in  the 
intervals  between  extravehicular  activities. 

Routine  monitoring  of  dose  rates  at  a fixed  loca- 
tion aboard  the  Skylab  vehicle  was  performed  by 
an  ionization  chamber  instrument,  the  Van  Allen 
Belt  Dosimeter.  Electron  and  proton  fluences 
(particles/cm^)  were  monitored  by  an  electron- 
proton  spectrometer  mounted  on  the  exterior  of 
the  spacecraft.  Rate  data  from  these  instruments 
were  telemetered  or  recorded  for  later  transmis- 
sion to  ground,  and  were  not  available  for  direct 
crew  readout. 

Passive  Dosimetry 

Each  crewman  was  provided  with  a passive 
dosimeter  packet  to  be  worn  continuously 
throughout  the  mission.  The  packet  weighed  ap- 
proximately 14  g (one-half  oz),  and  was  designed 
to  be  worn  on  a soft  strap  on  the  ankle  or  wrist. 
The  packet  contained  the  following  dosimetry 
materials  for  postflight  analysis:  densitometric 
film,  nuclear  track  emulsions,  polycarbonate  and 
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Figure  9-1. — Trapped  radiation  environment  boundary  for  Skylab. 


cellulose  nitrate  track  detectors,  lithium  fluoride 
(TLD-700)  chips,  and  tantalum/iridium  foils. 

In  addition  to  passive  dosimeters  worn  by  the 
crewmen,  passive  dosimeters  were  placed  within 
the  Orbital  Workshop's  film  storage  vault  for  the 
intervals  from  the  beginning  of  Skylab  2 to  the 
end  of  Skylab  2 (28  days)  and  from  the  beginning 
of  Skylab  2 to  the  end  of  Skylab  3 (123  days).  The 
film  vault  dosimeters  were  placed  in  locations  with 
aproximate  27t  shielding  values  of  13  and  23  g/cm^ 
aluminum.^  Relative  to  proton  range  in  tissue, 
these  depths  in  aluminum  correspond  to  soft  tissue 
depths  of  approximately  10  and  19  cm,  respec- 
tively. 

Ground  Radiation  Monitoring 

Radiation  protection  support  was  provided  by 
specialists  in  communications,  computational  anal- 

^ Due  to  the  rectangular  shape  of  the  film  vault,  actual 
2'7t  mean  values  are  somewhat  greater  than  13  and  23 
g/cm^  The  remaining  27T  shielding  is  > 23  g/cm*  for  both 
locations. 


ysis,  and  radiological  health.  Spacecraft  data, 
satellite  information,  and  solar  observatory  re- 
ports were  utilized  in  evaluating  the  space  en- 
vironment, especially  relative  to  radiation 
enhancement.  The  crewmen  reported  their  per- 
sonal radiation  dosimeter  readings  (as  integrated 
dose)  on  a daily  basis,  plus  additional  readings 
before  and  after  each  extravehicular  activity. 
These  readouts  confirmed  a continuously  nominal 
radiation  environment  throughout  each  of  the 
three  missions. 

Although  there  were  no  radiation  enhance- 
ments, the  mission  was  not  totally  uneventful 
from  a radiation  standpoint.  A few  highlights  are 
as  follows. 

Solar  Activity, — The  Skylab  missions  were 
flown  during  a period  when  solar  activity  was 
approaching  a minimum  in  the  Sun's  solar  cycle. 
Nevertheless  several  events  of  scientific  interest 
occurred  during  the  Skylab  missions,  however, 
particle  emissions  from  these  events  were  of  low 
energy  and  relatively  low  intensity.  These  char- 


66 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


Table  9-1. — Radiation  Sources  Aboard  the  Skylab  Vehicle 


Activity 

Item 

identification 

Location 

Source 

material 

Per 

item 

No.  of 
items 

Total 

Photometer  cali- 
bration source 
experiment  T027. 

Forward 

compart- 

ment. 

Pm-147 

8 mCi 

1 

8 mCi 

Light  source  for 
otolith  goggles 
experiment  M131. 

Experiment 

compart- 

ment. 

H-3 

100  mCi 

2 

200  mCi 

Dial  lettering 
experiment  S019. 

Forward 

compart- 

ment. 

Pm-147 

NA 

NA 

200  mCi 

M552  Ampoules. 

Stowage 

compart- 

ment. 

Ag-llOm 

20  /iCi 

4 

80  /id 

M558  Ampoules. 

Stowage 

compart- 

ment. 

Zn-65 

13  /iCi 

3 

39  /tCi 

Docking  target 
axial. 

External 
on  the  MDA. 

Pm-147 

300  mCi 

66 

19.8  Ci 

Docking  target 
radial. 

External 
on  the  MDA. 

Pm-147 

300  mCi 

66 

19.8  Ci 

COa  Partial 

pressure  sensors 

Internal 
on  AM. 

Am-241 

454.2  fiCi 

12 

5.5  mCi 

G&N  main  frame 
(PSA  and  CDU). 

Command 

module. 

Th-232 

NA 

NA 

34.1  fiCi 

Astronaut 

chronographs. 

Worn. 

H-3 

4.21  mCi 

3 

12.6  mCi 

mCi,  millicurie.  NA,  not  applicable. 

^Ci,  microcurie.  MDA,  Multiple  Docking  Assembly. 


acteristics,  coupled  with  the  shielding  effect  of  the 
Earth’s  magnetic  field,  reduced  radiation  doses 
from  solar  particles  to  below  the  limits  of  detect- 
ability for  onboard  dosimetry  instrumentation 
( <10  millirad  per  event) . 

Nuclear  Events. — A series  of  four  nuclear  de- 
vices were  detonated  by  France  at  their  Murora 
Test  Site  during  Skylab  3.  The  tests  produced  no 
ionizing  radiation  problems  for  Skylab.  However, 
the  possibility  of  eye  damage  to  the  crew  from  ac- 
cidental observation  of  a test  was  recognized. 


Therefore,  visual  observation  of  ground  sites  in 
the  vicinity  of  the  test  area  was  completely 
avoided. 

Onboard  Radiation  Source  Problems. — One  of 
the  larger  onboard  sources  (approximately  200 
mCi  of  promethium-147)  was  radioluminescent 
markings  on  knobs  and  dials  of  an  experimental 
device,  the  experiment  S019  “Articulated  Mirror 
System.”  Roughly  half  of  the  total  activity  was  ap- 
plied to  digital  readout  belts  and  wheels  within  a 
readout  subassembly.  Two  malfunctions  occurred 
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meantime,  an  alternative  alignment  method  was 
devised  and  tested.  The  alternative  method  was 
successful  and  was  utilized  for  the  remainder  of 
the  mission. 

Dosimetry  Results 

Integrated  radiation  doses  at  a tissue  depth 
equivalent  to  lens  of  the  eye  were  obtained  daily 
by  crew  readout  of  personal  radiation  dosimeters. 
These  dosimeters  were  worn  the  first  4 days  of 
each  mission  and  on  all  extravehicular  activities. 
During  the  duration  of  each  mission,  the  instru- 
ments were  placed  in  the  designated  assigned  po- 
sitions shown  in  table  9-III.  Mean  dose  rates  for 
similar  positions  in  consecutive  missions  show  a 
trend  toward  increased  values  as  use  of  food, 
water,  propellants,  and  other  expendables  reduced 
the  overall  spacecraft  shielding.  Thermolumines- 
cent dosimeter  results  of  the  crew-worn  passive 
packets  are  shown  in  table  9-III  for  comparison 
with  the  rates  found  throughout  the  spacecraft. 

An  upper  limit  estimate  of  the  hard  galactic 
radiation  contribution  is  approximately  18  milli- 
rad  per  day;  the  approximate  lower  limit  is  12 
millirad  per  day.  Comparison  of  these  rates  with 
the  overall  mean  dose  rates  shown  in  table  9-III 
indicates  that  the  galactic  component  accounted 
for  30  to  50  percent  of  the  observed  film  vault 
doses,  and  roughly  20  to  30  percent  of  the  crew 
dose  means. 


Table  9-III. — Mean  Daily  Doses  Within  Skylab  Vehicle 


Location 

Skylab  missions  (rad/day) 

2 

3 

U 

Crew  TLD  (Mean  ± a) 

0.057  ±0.003 

0.065±0.005 

0.086  ±0.009 

Film  vault,  drawer  B 

0.041 

0.038 

Film  vault,  drawer  F 

0.037 

0.030 

Command  mod.,  B-1 

0.080 

» 0.073 

0.084 

^ 0.085 

Stowed  crew  PRD^s: 

Experiment  comp 

0.054 

0.047 

0.070 

Sleep  compartment 

0.083 

0.082 

0.091 

— Z SCI  airlock 

0.071 

0.110 

+ Z SCI  airlock 

0.126 

Mean,  outside  vault  ± a 

0.069  ±0.013 

0.77±0.021 

0.091  ±0.021 

lA  constant,  dose  independent,  integration  rate  (0.12  rad/day)  was  observed  in  this  instrument  post- 
flight. If  initiated  at  launch,  true  in-flight  rate  would  be  0.073  rad/day;  if  initiated  at  splashdown,  rate  of 
0.085  rad/day  would  be  valid. 


TLD,  Thermoluminescent  Dosimeters. 
PRD,  Personal  Radiation  Dosimeters. 


Table  9-II. — Radiation  Exposure  Limits 


Constraints  in  rem 

Bone 
(5  cm) 

Skin 
(0.1  mm) 

Eye 
(3  mm) 

1 yr  avg  daily  rate 

0.2 

0.5 

0.3 

30-day  max. 

25 

75 

37 

Quarterly  max. 

35 

105 

52 

Yearly  max. 

75 

225 

112 

Career  limit. 

400 

1200 

600 

with  the  device  in-flight.  First,  a number  of  radio- 
luminescent  numerals  (about  one  mCi  each)  be- 
came detached  from  one  of  the  dial  wheels,  and 
second  (perhaps  because  of  the  first),  a belt  of 
numerals  became  jammed  and  failed  to  indicate 
instrument  position  in  the  lO’s  and  lOO’s  places  of 
rotational  attitude. 

The  possibility  of  numeral  detachment  had  been 
recognized  late  in  the  preflight  preparations  for 
the  missions  and  the  dial  subassembly  had  been 
gasket-sealed  to  preclude  escape  of  promethium- 
147  into  the  spacecraft  atmosphere.  The  problem 
during  the  flight  became  one  of  how  to  obtain 
valid  experimental  results,  either  by  fixing  the 
jammed  belt  (without  release  of  promethium-147) 
or  by  finding  an  alternative  alignment  method  for 
the  experiment.  Ground  based  testing  with  a train- 
ing model  of  the  experiment  equipment  deter- 
mined that  the  numeral  belt  could  not  be  freed 
without  breaking  into  the  sealed  dial  unit.  In  the 
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The  majority  of  the  remaining  dose  originates 
from  protons  of  the  Van  Allen  Belts  and  softer 
secondary  radiations  generated  by  passage  of  the 
primary  particles  through  spacecraft  materials. 

The  evaluation  of  dose  equivalents  for  mixed 
radiations  in  space  is  a complex  subject  and  it  is 
recommended  that  the  reader  consult  the  litera- 
ture for  rigorous  discussion  on  this  subject.  There 
are,  however,  some  notable  findings  which  should 
be  covered. 

Primary  Electrons, — Van  Allen  Belt  electrons 
did  not  penetrate  into  the  spacecraft,  nor  were 
they  found  to  penetrate  deeply  enough  (3  mm 
tissue  equivalent)  during  extravehicular  activities 
to  register  on  either  the  passive  dosimeters  or 
personal  radiation  dosimeters.  Consequently,  elec- 
tron doses  to  the  skin  (tissue  depth:  0.1  mm  below 
0.2  g/cm^  of  space  suit  shielding)  were  calculated 
from  electron-proton  spectrometer  data. 

Dose  Versus  Shield  Depth. — Doses  to  the  blood 
forming  organs  (tissue  depth:  5 cm)  were  found 
to  average  0.66  of  the  doses  observed  to  the  skin. 
These  dose  averages  were  obtained  by  integration 
of  outputs  from  the  dual  sensors  of  the  Van  Allen 
Belt  Dosimeter.  The  value  of  0.66  also  is  in  good 
agreement  with  a value  obtained  by  interpolation 
between  crew-worn  and  film  vault  dosimeter  re- 
sults. 

The  sole  difference  between  skin  and  eye  doses 
(0.1  mm  and  3.0  mm  tissue  depth,  respectively)  is 
the  added  dose  to  skin  from  electrons  during  extra- 
vehicular activities. 

Quality  Factor  Versus  Shield  Depth. — Film 
vault  shielding  was  found  to  be  relatively  ineffec- 
tive from  a simple  dose  reduction  standpoint 
(table  9-III).  Despite  the  small  dose  reduction, 
however,  quality  factor  could  have  decreased  sub- 
stantially if  the  dose  reduction  was  solely  due  to 
filtering  of  lower  energy  particles.  On  the  other 
hand,  secondary  buildup  processes  tend  to  in- 
crease quality  factor  as  a function  of  shield  depth. 
These  competing  effects  could  not  be  calculated 
accurately  prior  to  the  mission.  Therefore,  we  have 
relied  primarily  on  postmission  nuclear  emulsion 
analyses  of  the  film  vault  dosimeters  to  deter- 
mine space  radiation  quality  as  a function  of 
shielding. 

Comparison  of  emulsion  data  from  the  dosime- 
ters worn  by  the  crew  and  film  vault  dosimeters 
indicates  that  the  filtering  mechanism  (reduced 


quality  factor)  is  slightly  dominant  at  shield 
depths  up  to  23.3  g/cm^  aluminum.  At  blood  form- 
ing organ  depth  (5  cm  tissue),  quality  factor  is 
estimated  equal  to  1.5.  In  comparison,  a quality 
factor  of  1.6  is  found  for  the  crew-worn  dosimeters 
beneath  0.3  g/cm-  of  tissue  equivalent  shielding. 

Neutron  Dosimetry. — Details  of  the  iridium/ 
tantalum  neutron  dosimetry  system  have  been 
published  previously  (ref.  2).  Thermal  (0.02  to 
2.0  electron  volts)  and  intermediate  (2.0  to  2X10^ 
electron  volts)  neutrons  were  found  to  contribute 
to  crew  dose  equivalent  at  a combined  rate  of  ap- 
proximately 0.1  millirem/day. 

Direct  measurement  of  fast  neutron  fluence  by 
suspended  track  analysis  of  crew-worn  nuclear 
emulsions  was  not  possible  due  to  the  high  track 
densities  obtained  on  the  Skylab  missions.  How- 
ever, upper  limit  dose  calculations  have  been  made 
based  on  nuclear  emulsion  disintegration  star  anal- 
yses (to  determine  neutron  production  rates)  and 
iridium/tantalum  evaluation,  assuming  that  all 
activation  is  due  to  tissue  albedo.  Both  methods 
show  excellent  agreement  with  upper  limit  rates 


Table  9-IV. — Skylab  Mission  Dose  Comparisons 


Crewman  and  parameter 

Skylab  2 

Skylab  3 

Skylab  h 

Commander  (rad,  TLD) 

1.62 

3.67 

^8.02 

p+  EVA  (rad,  PRD) 

0.13 

0.01 

0.25 

e-  EVA  (rad,  CALC) 

1.07 

1.50 

1.34 

Skin  (rem) 

3.66 

7.37 

14.17 

Lens  (rem) 

2.59 

5.87 

12.83 

BFO  (rem) 

1.60 

3.63 

7.94 

Scientist  Pilot  (rad,  TLD) 

1.66 

*3.73 

7.36 

p+  EVA  (rad,  PRD) 

0.10 

0.06 

0.10 

e-  EVA  (rad,  CALC) 

0.85 

2.65 

6.07 

Skin  (rem) 

3.51 

8.62 

17.85 

Lens  (rem) 

2.66 

5.97 

11.78 

BFO  (rem) 

1.64 

3.69 

7.29 

Pilot  (rad,  TLD) 

1.81 

4.21 

6.80 

p+  EVA  (rad,  PRD) 

0.09 

0.09 

0.06 

e-  EVA  (rad,  CALC) 

0.25 

1.15 

5.22 

Skin  (rem) 

3.15 

7.89 

16.10 

Lens  (rem) 

2.90 

6.74 

10.88 

BFO  (rem) 

1.79 

4.17 

6.73 

PRD  mean,  4 LOCS  (rad) 

1.98 

4.71 

7.81 

CALC  wrist  equivalent  for  8.68  measured  at  ankle. 

2 CALC  wrist  equivalent  for  4.75  measured  in  sleep  comp. 


Note:  Quality  fa.ctors  used  for  proton  doses  to  skin  and  eye  — 1.6. 
quality  factor  for  BFO  - 1.5.  Electron  Dose  applied  to  skin  only:  Qual- 
ity factor  — 1.0. 

TLD,  Thermoluminescent  Dosimeter. 

PRD,  Personal  Radiation  Dosimeter. 

BFO,  Blood  Forming  Organs. 
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of  approximately  12.5  millirem  per  day  for  fast 
neutrons  with  mean  energy  of  approximately  one 
megaelectronvolts. 

Conclusion 

Table  9-IV  summarizes  the  dosimetry  results  for 
each  crewman  of  the  Skylab  missions.  As  indi- 
cated in  this  table,  there  were  certain  variations 
in  passive  dosimeter  wearing  habits  which  re- 
quired adjustments  for  data  comparison  purposes. 

Dose  equivalents  received  by  the  Skylab  4 crew- 
men were  the  highest  received  in  any  NASA 
mission  to  date,  but  remained  well  within  the 
limits  established  for  the  Skylab  missions.  Due  to 
the  low  rates  involved  (for  example,  less  than  100 
millirem  per  day  to  blood  forming  organs),  dose 
equivalents  for  each  crewman  were  well  below 
the  threshold  of  significant  clinical  effect.  These 


dose  equivalents  apply  specifically  to  long-term 
effects  such  as  generalized  life  shortening,  in- 
creased neoplasm  incidence,  and  cataract  produc- 
tion. To  place  the  mission  values  in  perspective, 
the  NASA  career  limits  were  400  rem  blood  form- 
ing organs,  1200  rem  skin,  and  600  rem  eye  lens 
and  were  established  from  ancillary  radiation 
exposure  constraints  recommended  by  the  Na- 
tional Academy  of  Science  and  based  upon  a 
reference  risk  of  doubling  the  incidence  of  leu- 
kemia and  other  neoplastic  disease.  This  refer- 
ence risk  was  taken  to  be  a dose  equivalent  of  400 
rem.  These  career  limits  also  entail  a statistical 
risk  of  nonspecific  life  shortening  of  from  0.5  to 
3.0  years  (ref.  3).  The  Skylab  4 crewman  could 

fly  a mission  comparable  to  one  84-day  Skylab  4 
mission  per  year  for  50  years  before  exceeding 
these  career  limits. 
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CHAPTER  10 

Toxicological  Aspects  of  the  Skylab  Program 

Wayland  J.  Rippstein,  Jr.«  and  Howard  J.  Schneider  “ 


A TOXICOLOGICAL  SUPPORT  CAPABILITY  was  estab- 
lished during  the  early  developmental  phases 
of  the  Skylab  Program.  From  past  experiences 
with  closed-loop  environmental  operations,  such  as 
in  submarines  and  manned  chamber  tests,  it  had 
been  found  that  the  buildup  of  trace  contaminant 
gases  could  result  in  conditions  which  could  cause 
mission  termination.  It  was  also  recognized  from 
the  experience  gained  in  the  Apollo  Program  that 
the  use  of  newly  developed  nonmetallic  material, 
especially  the  fluoronated  polymers,  required 
toxicological  considerations,  and  that  special  con- 
sideration be  given  to  the  testing  for  outgassing 
products. 

It  was  known  early  in  the  program  that  the  pos- 
sibility of  carbon  monoxide  buildup  in  the  space- 
craft cabin  would  also  require  special  attention. 
None  of  the  environmental  control  life  support 
systems  in  previous  spacecraft  nor  in  Skylab  were 
designed  to  provide  carbon  monoxide  removal.  It 
was  therefore  imperative  that  the  selection  of  ma- 
terials for  use  in  the  Skylab  interior  include  con- 
sideration for  the  outgassing  of  carbon  monoxide. 
It  should  be  noted  at  this  point  that  toxicological 
support  provided  for  the  Skylab  Program  included 
considerations  not  only  for  inhalation  toxicity,  but 
also  ingestion,  eye  contact,  and  skin  contact  toxic- 
ity. Since  the  latter  three  areas  of  toxicology  re- 
quired attention  so  infrequently,  they  are  not 
discussed  in  this  paper. 

Procedures 

To  provide  a safe  breathing,  habitable  environ- 
ment for  the  Skylab  crew,  several  measures  were 
adopted  early  in  the  program.  The  most  important 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


of  these  was  a nonmetallic  materials  screening 
program  which  was  designed  to  eliminate  those 
materials  that  would  cause  problems  from  their 
outgassed  products.  The  screening  program  was 
based  upon  measuring  the  amounts  of  carbon 
monoxide  and  total  organics  outgassed  per  unit 
weight  of  each  candidate  material.  Levels  of  ac- 
ceptance were  established  for  both  carbon  monox- 
ide and  total  organics  based  upon  the  spacecraft 
habitable  volume,  the  trace  gas  removal  rate  by 
the  environmental  control  life  support  systems, 
and  the  cabin  leak  rate. 

Where  newly  developed  polymers  were  consid- 
ered for  use  as  electrical  component  potting  com- 
pounds or  electrical  wire  insulators,  pyrolysis 
products  of  these  materials  were  used  to  determine 
toxicological  limits.  The  amount  of  material  re- 
quired to  kill  50  percent  of  the  exposed  animals 
identified  as  lethal  dose  50  (LD50)  was  determined. 
In  these  cases,  material  selection  included  both 
outgassing  data  and  LD50  information.  To  prevent 
inhalation  exposures  to  toxic  effects  from  chemical 
compound  (s)  contained  in  the  pyrolysis  products, 
chemical  analyses  using  mass  spectral  and  gas 
chromatographic  procedures  were  performed. 
These  analytical  procedures  were  also  performed 
when  a waiver  was  requested  on  any  candidate 
spacecraft  material  that  failed  the  carbon  monox- 
ide and  total  organics  screening  tests. 

Problems 

Following  the  loss  of  the  Skylab  1 micromete- 
oroid shield,  a significant  toxicity  problem  de- 
veloped as  a direct  result  of  the  overheating  of  the 
Orbital  Workshop  interior  wall  insulation  mate- 
rial. The  sensors  for  wall  temperature  indicated 
that  the  interior  walls  of  the  Orbital  Workshop  had 
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attained  a projected  temperature  of  177°  C 
(350°  F)  on  the  skin  side  of  the  insulation  and 
71°  C (160°  F)  on  the  interior  volume  side  of  the 
spacecraft  insulation.  Since  the  insulation  was 
known  to  be  a rigid  polyurethane  foam,  a potential 
hazard  could  develop  as  a result  of  the  decomposi- 
tion of  the  polymer  to  produce  an  isocyanate  de- 
rivative. Of  secondary  concern  was  the  accelerated 
offgassing  rate  of  the  entire  nonmetallic  materials 
contained  in  the  Skylab  habitable  volume. 

Solutions 

Using  a piece  of  foam  identical  with  that  in 
Skylab  1 (same  chemical  lot  and  age),  a solids 
probe  mass  spectral  analysis  was  conducted.  Poly- 
mer decomposition  begins  at  about  200°  C (392° 
F),  but  toluene  diisocyanate  was  detected  in  trace 
quantities  from  50°  C (122°  F)  to  about  200°  C 
(392°  F).  The  manufacturer  reported  that  an 
excess  of  toluene  diisocyanate  is  used  in  the  pro- 
cessing of  a rigid  foam  and  the  excess  toluene 
diisocyanate  was  apparently  diffusing  from  the 
foam  during  the  lower  temperatures  prior  to 
thermal  decomposition.  Also,  the  blowing  agent 
contained  in  the  foam,  trichlorofluoromethane, 
reached  a maximum  release  rate  at  about  150°  C 
(302°  F).  No  accurate  quantitative  results  were 
available  from  these  analyses  due  to  the  unavail- 
ability of  toluene  diisocyanate  standards.  Further- 
more, at  the  time  of  the  overheating  of  the 
polyurethane  foam,  there  existed  no  spacecraft 
requirements  for  acceptable  atmospheric  concen- 
trations of  toluene  diisocyanate.  The  maximum 
allowable  exposure  (8-hour  weighted  average) 
limits  established  by  the  Occupational  Safety  and 
Health  Administration  (ref.  1)  for  toluene  diiso- 
cyanate is  0.14  mg/m*  [0.02  ppm  standard  tem- 
perature and  pressure  (STP)].  Reports  in  the 
literature  (refs.  2,  3,  4,  5,  6,  7)  all  substantially 
support  this  exposure  limit. 

Prior  to  the  launch  of  the  Skylab  2 crew  two 
types  of  gas  analysis  detector  tubes  and  two  acti- 
vated charcoal  and  hopcalite  masks  were  put 
aboard  the  Command  and  Service  Module  to  pro- 
tect the  unsuited  crewmen  upon  their  initial  entry 
into  the  Oi'bital  Workshop  to  sample  its  atmos- 
phere. The  tubes  were  of  the  colorimetric  design 
and  included  one  type  for  carbon  monoxide  and 
another  for  toluene  diisocyanate  detection.  The 
lower  sensitivity  of  the  carbon  monoxide  tubes 


was  11  mg/m*,  and  for  the  toluene  diisocyanate 
tubes,  0.14  mg/m*.  Atmospheric  samples  were 
taken  by  using  a syringe-type  pump  to  flow  air 
through  the  analyzer  tubes  (fig.  10-1). 


CO  monitor  tube  adaptor 
(orange  color) 


Equalization 


Key: 
TDI  = 

Toluene 

CO  = 

di  isocyanate 
Carbon 

monoxide 

CSM  = 

Command  and 

service  module 

CSM  side 

CSM  side 


Airlock  hatch-equalization  valve 

Figure  10-1. — Skylab  2 gas  sampling  equipment. 


Prior  to  the  entry  of  the  crew  into  the  space 
station  cluster,^  two  precautionary  measures  were 
undertaken  to  ensure  that  the  habitable  areas  were 
safe  for  manned  operations.  The  first  was  a series 
of  pressurization-depressurization  cycles  of  the 
Skylab  1 atmosphere  designed  to  discharge  and 
dilute  any  contaminating  gases  of  potentially  toxic 
levels.  In  the  second  measure  the  crew  sampled 
the  air  for  carbon  monoxide  and  toluene  diisocya- 
nate first  in  the  Multiple  Docking  Adapter  and 
then  in  the  Orbital  Workshop,  using  the  supplied 
analyzer  tubes.  The  results  of  their  analyses  indi- 
cated no  detectable  toluene  diisocyanate  and  an 
extrapolated  5 mg/m^  level  of  carbon  monoxide. 

The  crew  energized  the  Skylab  1 Environmental 
Control  Life  Support  System  which  contained 
9.02  kg  (20  lbs)  of  activated  carbon,  specifically 
designed  to  remove  trace  levels  of  contaminating 

* The  space  station  cluster  is  made  up  of  the  Command 
Module,  Orbital  Workshop,  Multiple  Docking  Adapter,  and 
Airlock  Module. 
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compounds.  From  prior  tests  it  was  known  that 
the  spacecraft-type  activated  carbon  would  very 
efficiently  remove  toluene  diisocyanate.  After  a 30- 
minute  atmospheric  circulation  period,  the  crew 
was  given  instructions  to  enter  the  space  station 
for  manned  operations.  This  mission  and  Skylab 
missions  3 and  4 were  accomplished  without  any 
other  atmospheric  trace  gas  problems. 

In  addition  to  potential  offgassing  problems 
from  excessive  internal  temperatures  in  the  Orbi- 
tal Workshop,  a leak  was  suspected  in  the  coolant 
system  of  the  spacecraft.  To  determine  the  com- 
position and  concentration  of  any  atmospheric 
trace  contaminants  a unique  device  was  used 
(app.  A.II.c.,  fig.  A.II.c-1).  The  device  consisted 
of  two  small  glass  tubes,  mounted  in  parallel  in  an 
aluminium  cartridge,  such  that  an  atmospheric  gas 
flow  could  pass  equally  through  both  tubes  at  the 
same  time.  Each  of  these  tubes  was  partially 
filled  (4.5  ml/tube)  with  a gas  chromatographic 
absorbent  material.  Aproximately  60  liters  (STP) 
of  cabin  atmosphere  were  passed  through  the  de- 
vice during  a time  span  of  15  hours.  Three  such 
samples  were  taken  by  the  Skylab  3 crew  on  mis- 
sion days  11,  46,  and  77. 

The  analyses  of  the  absorbed  contents  of  the 
three  samples  (three  pairs  of  tubes)  indicated  the 
presence  of  more  than  300  compounds  in  the  Sky- 
lab atmosphere  during  the  occupancy  of  the  Sky- 
lab 3 crew.  Of  this  number,  107  (ref.  8)  were 
identified  by  mass  spectral  methods.  The  molecu- 


lar weights  for  the  identified  compounds  ranged 
from  60  to  584.  These  data  revealed  that  there 
was  no  coolant  fluid  leaking  into  the  interior  of 
the  Orbital  Workshop. 

When  the  three  atmospheric  samples  taken  on 
mission  days  11,  46,  and  77  were  compared,  the 
results  indicated  only  minor  differences  in  the 
levels  of  contamination.  This  indicated  that  a 
state  of  equilibrium  had  been  attained  earlier 
between  the  gas  generation  rates  of  the  contami- 
nant sources  and  the  removal  rate  by  the  Environ- 
ment Control  Life  Support  System. 

Conclusion 

The  experiences  and  data  gained  in  the  Skylab 
program  have  demonstrated  that  the  crew  was 
provided  with  as  safe  an  environment  as  could  be 
attained  using  the  current  state-of-the-art  trace 
gas  removal  technology.  The  knowledge  gained  in 
solving  the  trace  contaminant  problems  encoun- 
tered in  the  Skylab  Program  will  greatly  aid  in 
providing  safe,  habitable  spacecraft  environments 
for  the  future  missions  of  man  in  space. 
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1.  SUSCEPTIBILITY  TO  MOTION  SICKNESS 

PRIOR  TO  Skylab  missions,  nine  U.S.  and  four 
U.S.S.R.  crewmen  reported  motion  sickness  in 
orbital  flight  (table  ll.l-I).  Soviet  investigators 
have  described  in  detail  vestibular  side  effects 
experienced  by  cosmonauts  on  transition  into 
weightlessness  (refs.  1,  2,  3,  4,  5,  6,  7,  8),  and  it  is 
noteworthy  that  reflex  motor  phenomena  were 
reported  far  more  frequently  than  was  motion 
sickness.  Postural  illusions  were  experienced  im- 
mediately after  transition  into  orbit  and,  while 
usually  short-lived,  some  cosmonauts  continued 
to  experience  the  illusion  until  the  g-load  that  was 
associated  with  reentry  reappeared.  Illusions 
evoked  by  rotary  motions  of  the  head  or  head  and 
body  (sensations  of  turning  and  dizziness)  were 
experienced  not  only  early  in  flight  but  also  over 
prolonged  periods.  Among  the  24  cosmonauts  4 
experienced  motion  sickness,  an  incidence  of  about 

* Naval  Aerospace  Medical  Research  Laboratory,  Pensa- 
cola, Florida.  Dr.  Miller  is  deceased. 

**  NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


17  percent.  It  is  interesting  that  all  incidents  oc- 
curred in  early  missions,  an  incidence  of  about  36 
percent. 

The  classical  example  of  motion  sickness  ex- 
perience in  space  flight  was  provided  by  Titov. 
For  a very  brief  period  immediately  after  transi- 
tion into  orbit  Titov  felt  that  he  was  flying  upside 
down.  Soon  thereafter  he  described  dizziness  as- 
sociated with  head  movements  and  sometime  be- 
tween the  fourth  and  seventh  orbit  (6  or  more 
hours)  he  became  motion  sick,  the  first  recorded 
instance  in  space  flight. 

In  the  U.S.  space  program  motion  sickness  aloft 
was  not  reported  until  the  Apollo  missions  (ref. 
9),  although  seasickness  after  splashdown  was  not 
an  infrequent  occurrence.  In  the  Apollo  Command 
Module  where  stimulus  conditions  were  far  more 
favorable  for  eliciting  motion  sickness  than  in 
the  Mercury  Program,  on  the  lunar  surface,  or  in 
the  Gemini  Command  Module,  9 among  25  Apollo 
astronauts  were  motion  sick.  In  the  Mercury 
spacecraft  the  astronauts  were  restrained  in  their 
couches,  helmets  (which  were  removed  only  oc- 
casionally) prevented  quick  head  movements  and 


Table  ll.l-I. — Manned  Space  Flight  Programs 


United  States 

Russia 

Incidence  of 

Incidence  of 

Program 

Number  of 

motion 

Program 

Number  of 

motion 

space  pilots 

sickness 

space  pilots 

sickness 

Mercury 

6 

0 

Vostok 

6 

1 

Gemini 

16 

0 

Voskhod 

5 

3 

Apollo  command 

module 

25 

9 

Soyuz 

13 

0. 

Apollo  lunar 

landing 

12 

0 
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the  visual  cues  were  adequate  and  plentiful.  In 
the  Gemini  spacecraft  helmets  were  not  worn  but 
there  was  limited  opportunity  for  free-floating  ac- 
tivities. The  12  astronauts  exposed  to  lunar  condi- 
tions did  not  experience  motion  sickness,  but 
inasmuch  as  all  were  insusceptible  in  orbital  flight, 
the  benefit  of  a fractional  g-loading  was  not  tested. 
Moreover,  their  helmets  prevented  quick  head 
movements  except  about  the  vertical  axis  and  vis- 
ual cues  were  excellent. 

In  this  report  a distinction  is  made  between  two 
categories  of  vestibular  side  effects  (ref.  10) . One 
category  comprises  a great  variety  of  “immediate 
reflex  motor  responses,”  such  as  postural  illusions, 
sensations  of  rotation,  nystagmus,  and  what  often 
is  termed  dizziness  or  vertigo.  The  other  category, 
motion  sickness,  is  a delayed  epiphenomenon  (su- 
perimposed on  any  responses  in  the  reflex  cate- 
gory) , involving  vestibular  influences  that  cross  a 
temporary  or  “facultative  linkage,”  to  reach  non- 
vestibular  sites  where  first-order  responses  that 
lead  to  motion  sickness  symptoms  have  their  im- 
mediate origin.  First-order  responses  may,  in 
turn,  elicit  second  and  higher  order  responses  or 
complications  until  the  organism  is  generally  in- 
volved. Symptoms  of  motion  sickness  are  usually 
elicited  when  too  rapid  a transition  is  made  from 
one  motion  environment  to  another  (ref.  11).  The 
primary  or  essential  etiological  factor  is  of  vestib- 
ular origin,  inasmuch  as  under  such  a transition 
persons  with  loss  of  vestibular  function  do  not 
become  motion  sick  (refs.  12,  13).  Secondary 
etiological  factors  are  always  operative,  however. 
In  healthy,  normal  persons  visual  inputs  and 
psychological  factors  are  usually  the  most  impor- 
tant ones ; in  some  motion  environments  just  open- 
ing the  eyes  may  precipitate  motion  sickness.  In 
most  motion  environments  visual  inputs  are  not 
essential  for  the  elicitation  of  motion  sickness; 
blind  persons  who  have  never  perceived  light  may 
readily  become  sick  (ref.  14). 

Procedure 

Astronauts. — Table  ll.l-II  summarizes  findings 
in  the  nine  Skylab  astronauts  dealing  with  their 
susceptibility  to  motion  sickness  in  different  mo- 
tion environments  and  their  responses  during  tests 
of  vestibular  function. 

The  Skylab  2 Commander  had  participated  in 
the  Gemini  V mission  and,  along  with  the  Skylab 


3 Commander,  took  part  in  the  Apollo  12  mission 
which  included  landing  on  the  Moon ; neither  had 
reported  any  symptoms  of  motion  sickness  during 
those  missions.  In  other  motion  environments  in- 
dividual differences  in  susceptibility  were  demon- 
strated in  a range  below  average  susceptibility. 

Functional  tests  of  the  astronauts’  vestibular 
organs  revealed  no  definite  abnormalities.  These 
tests  included  a battery  of  tests  for  postural  equi- 
librium for  which  the  scores,  although  not  shown 
in  table  ll.l-II  were  within  the  normal  range.  Of 
particular  interest  in  view  of  the  physiological 
deafferentation  of  the  otoliths  in  weightlessness, 
however,  are  the  low  values  for  ocular  counter- 
rolling, which  is  a test  of  otolithic  function.  The 
counterrolling  index  (one-half  the  maximum  roll 
when  tilted  right  and  left)  was  only  158  minutes 
of  arc  in  the  Skylab  2 Commander  and  Skylab  3 
Scientist  Pilot;  whereas,  among  550  normal  sub- 
jects the  average  was  344  minutes  of  arc  (ref. 
15). 

A test  (ref.  16)  for  grading  susceptibility  to 
motion  sickness  and  yielding  a single  numerical 
score  (Coriolis  Sickness  Susceptibility  Index)  was 
carried  out.  The  scores  for  the  astronauts  are  com- 
pared with  susceptibility  in  624  normal  subjects 
in  figure  11.1-1.  However,  it  should  be  pointed  out 
that  it  was  demonstrated  prior  to  Skylab  missions 
that  the  scores  obtained  in  this  test  do  not  predict 
susceptibility  to  motion  sickness  in  the  weightless 
phase  of  parabolic  flight  (ref.  17).  The  results  of 
such  a comparison  are  as  follows:  Changes  in 
susceptibility  to  motion  sickness  among  74  sub- 
jects, as  determined  by  comparing  systematic 
quantitative  measurements  made  during  weight- 
less phases  of  parabolic  flight  and  on  the  ground, 
showed  20  subjects  reached  the  end  point,  15  sub- 
jects did  not,  16  remained  about  the  same,  and  23 
increased.  It  is  seen  that  susceptibility  on  the 
ground  predicted  susceptibility  aloft  in  about  22 
percent  of  the  subjects. 

Stimulus  Conditions. — Under  operational  condi- 
tions the  astronauts  made  major  transitions  from 
land  to  orbital  flight,  to  sea,  and  back  to  land. 
While  aloft,  transitions  were  made  between  the 
Command  Module  and  the  workshop  and,  during 
extravehicular  activity,  between  the  spacecraft  and 
the  outer  environment.  During  entry  there  were 
variations  in  g-loading  that  terminated  at  splash- 
down, followed  by  transitions  from  the  Command 
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Table  ll.l-II. — History  of  Motion  Sickness  and  Vestibulometrie  Findings  in  the  Nine  Astronauts 
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toms 

Experi- 
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Experi- 
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toms 

Experi- 
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toms 

2 

Cdr 

42 

> 2000 
h 

> 100 
times 

4 

Gemini 

V 

Apollo 

XII 

1-5 

times 
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normal 
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Insignificant 

158 
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normal 

10.2 

Spt 

40 

> 1000 
h 

(*) 

25-50 

times 

4 

None 
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times 
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normal 
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Insignificant 

300 
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8.2 
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40 
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h 
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2 
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NA 
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times 
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3 
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40 
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h 
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> 100 
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41 
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h 
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4 
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NA 
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36 
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h 
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4 

None 

NA 

5-10 

times 

Slight 

Within 

normal 

limits 

Insignificant 

332 

normal 

19.2 

4 

Cdr 

40 

> 1000 
h 

(’) 

10-25 

times 

16 

None 

NA 

10-50 

times 

Slight 

Within 

normal 

limits 

Insignificant 

494 

normal 

7.5 

Spt 

36 

> 1000 
h 

(*) 

> 100 
times 

8 

None 

NA 

1-5 

times 

Slight 

Within 

normal 

limits 

Insignificant 

261 

normal 

8.9 

Pit 

43 

> 1000 
h 

n 

> 100 
times 

8 

None 

NA 

0 

NA 

Within 

normal 

limits 

Insignificant 

254 

normal 

52.8 

^ Maximum  malaise  level. 

* Mild  symptoms  on  rare  occasions. 

* Not  applicable. 

* Ehnesis. 
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Figure  11.1—1. — Frequency  distribution  of  motion  sickness  susceptibility  scores  of  624 
normal  subjects  with  scores  of  the  nine  Skylab  astronauts  indicated.  The  method  used 
was  similar  to  that  used  in  Skylab  missions. 


Module  to  the  recovery  aircraft  carrier,  and  finally 
from  the  carrier  to  land. 

In  considering  the  transitions  from  one  motion 
environment  to  another  it  is  necessary  to  take  into 
account  not  only  the  ‘‘new''  environment,  but  also 
the  current  status  of  adaptation  effects  acquired 
in  antecedent  environments.  Skylab  conditions  in 
the  workshop  were  far  more  stressful  than  those 
in  the  Command  Module,  and  highly  complicated 
vestibular  and  visual  inputs  were  encountered  in 
the  workshop.  Accelerative  stimuli  there  were 
associated  with  passive  as  well  as  active  move- 
ments and  visual  stimuli  were,  potentially  at  least, 
disorienting.  Thus,  the  opportunity  was  present  to 
reveal  individual  differences  in  susceptibility  to 
motion  sickness,  based  on  vestibular  inputs  as 
well  as  on  complexly  interacting  vestibular  and 
visual  stimuli. 

At  sea  the  astronauts  were  passively  exposed 
to  motion  environments  that  stimulated  the  vestib- 
ular organs.  The  active  execution  of  head  (and 
body)  movements  contributed  angular  and  linear 


accelerations  that,  combined  with  the  passive  ex- 
posure to  sea  motions,  generated  cross-coupled 
angular  accelerations  (stimulating  the  semicircu- 
lar canals  at  suprathreshold  levels)  and  Coriolis 
accelerations  stimulating  the  otolithic  receptors 
(refs.  18,  19,  20). 

Under  experimental  conditions  (on  and  after 
mission  day  8 aloft  and  on  the  ground)  a stressful 
motion  environment  was  generated  by  requiring 
the  astronauts,  with  eyes  covered,  to  execute  head 
movements  while  in  a rotating  litter  chair  (figs. 
11.1-2  and  11.1-3).  The  rotating  litter  chair 
could  be  revolved  at  constant  velocities  up  to  30 
revolutions  per  minute  (r/min)  (ref.  21).  The 
experimental  procedures  involved  alternate  clock- 
wise and  counterclockwise  rotations,  but  rotation 
was  more  often  clockwise  than  counterclockwise. 
Each  discrete  head  and  body  movement  (“over" 
and  “back")  through  an  arc  of  90  degrees  in  each 
of  the  four  cardinal  directions  (front,  back,  left, 
right)  required  1 second,  and  was  followed  by  a 
“hold"  for  1 second  in  the  upright  position.  Move- 
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ments  were  made  in  sets  of  5 (the  forward  move- 
ment was  executed  twice) , and  after  each  set  the 
astronaut  kept  his  head  in  the  upright  position  for 
20  seconds.  The  maximum  number  of  head  move- 
ments required  in  a test  was  150  (1  endpoint) 
unless  mild  motion  sickness  (the  other  endpoint) 
was  reached  earlier. 

The  rotating  litter  chair  was  used  in  the  station- 
ary as  well  as  the  rotating  mode.  In  the  stationary 
mode  when  head  movements  were  executed  aloft, 
the  canals  were  stimulated  in  the  same  way  as  on 
the  ground,  but  the  otolith  organs  were  stimu- 
lated in  an  abnormal  manner  because  the  impulse 
linear  accelerations  generated  were  not  combined 
with  a gravity  vector  as  they  would  have  been  on 


the  ground.  These  impulse  linear  accelerations 
were  transient  but  well  above  threshold  for  stim- 
ulation of  the  otolith  receptors.  When  the  rotating 
litter  chair  was  rotating,  the  intensity  of  the 
stimuli  generated  by  head  movement  was  a func- 
tion of  the  rotational  velocity,  and  although  the 
angular  and  cross-coupled  angular  accelerations 
stimulating  the  semicircular  canals  aloft  were 
the  same  as  on  the  ground,  the  impulse  and 
Coriolis  accelerative  forces  generated  aloft  were 
not  combined  with  a gravitational  vector.  These 


Figure  11.1-2. — The  rotating  litter  chair  motion  sickness 
test  mode. 


Figure  11.1-3. — Console  used  in  connection  with  the  ro- 
tating litter  chair. 
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forces,  nevertheless,  were  substantial  at  all  levels 
of  angular  velocity  used,  and  at  30  r/min  the 
centripetal  force  was,  respectively,  0.3  g and  0.6  g 
at  radii  of  1 and  2 feet. 

The  Diagnosis  of  Motion  Sickness, — The  diag- 
nostic criteria  for  motion  sickness  used  in  the  Sky- 
lab  experiments  are  summarized  in  table  ll.l-III 
and  are  described  in  detail  elsewhere  (ref.  22). 
In  brief,  the  severity  of  motion  sickness  symp- 
toms was  given  a numerical  score;  16  points  and 
above  comprised  the  range  of  ‘Trank  motion  sick- 
ness,^' and  less  than  16  points,  the  I’ange  of  “mild 
motion  sickness." 

Under  experimental  conditions  the  diagnosis  of 
acute  motion  sickness  was  aided  by  the  close  tem- 
poral relation  between  exposure  to  stressful  stim- 
uli and  elicitation  of  responses.  In  all  Skylab 
experiments  the  motion  sickness  endpoint,  moder- 
ate malaise  (M  II  A)  (a  point  score  of  5 to  7), 
was  of  very  mild  intensity ; the  avoidance  of  more 
severe  symptoms  was  an  operational  requirement. 

An  observer  in  collaboration  with  the  subject 
estimated  the  severity  of  each  predesignated  symp- 
tom and  recorded  any  “other  symptom"  not  men- 
tioned in  table  ll.l-III.  There  was  always 
adequate  time  after  execution  of  each  set  of  head 


movements  to  make  the  estimates  and  record  them 
by  depressing  the  appropriate  push-buttons  in  the 
response  matrix  of  the  rotating  litter  chair  Con- 
trol Console.  One-hundred  and  fifty  head  move- 
ments or  a score  >5  points  automatically 
triggered  a signal  that  the  test  had  been  completed. 

Under  operational  conditions  the  astronauts' 
ability  to  diagnose  different  levels  of  severity  of 
motion  sickness  was  enhanced  by  their  training  in 
connection  with  the  preflight  experimental  evalua- 
tion of  motion  sickness  susceptibility.  Nonethe- 
less, under  operational  conditions  diagnosis  was 
more  difficult  than  under  experimental  conditions 
because  the  identification  of  the  stressful  stimuli 
was  not  always  easy,  the  symptomatology  of 
“chronic"  or  prolonged  motion  sickness  (experi- 
enced aloft)  differed  in  some  respects  from  that  of 
acute  motion  sickness. 

Medication 

The  astronauts  in  Skylab  2 and  Skylab  3 carried 
with  them  antimotion  sickness  capsules  containing 
1-scopolamine  0.35  milligrams  + d-amphetamine 
5.0  milligrams;  in  addition  to  this  drug  the  Sky- 
lab 4 crew  took  along  the  drug  combination 
promethazine  hydrochloride  25  milligrams  4- 


Table  ll.l-III. — Diagnostic  Categorization  of  Different  Levels  of  Severity  of  Acute  Motion  Sickness 


Pathognomonic 

Major 

Minor 

Minimal 

AQS^ 

Category 

1 6 points 

8 points 

If  points 

2 points 

1 point 

Nausea  syndrome 

Nausea  III,^  retching 

Nausea  II 

Nausea 

Epigastric 

Epigastric  awareness 

or  vomiting 

discomfort 

Skin 

Pallor  III 

Pallor  II 

Pallor  I 

Flushing/Subjective  warmth  > II 

Cold  sweating 

III 

II 

I 

Increased  salivation 

III 

II 

I 

Drowsiness 

Pain 

III 

II 

I 

Headache  (persistent)  > II 

Central  nervous 

Dizziness  (persistent) 

system 

Eyes  closed  > II 
Eyes  open  III 

Levels  of  severity  identified  by  total  points  scored 

Frank  sickness 

Severe  malaise 

Moderate 

malaise  A 

Moderate 

malaise  B Slight  malaise 

(FS) 

(M  III) 

(M  II  A) 

(M  II  B)  (M  I) 

> 16  points 

8-15  points 

5-7  points 

3-4  points  1-2  points 

^ AQS,  Additional  qualifying  symptoms. 

2 III,  Severe  or  marked;  II,  moderate;  I,  slight. 
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ephedrine  sulfate  50  milligrams,  drugs  which  had 
proven  to  be  effective  under  experimental  (ref. 
23)  and  operational  conditions  (ref.  24).  This 
drug  combination  acts  by  raising  the  stimulus 
thresholds  for  eliciting  motion  sickness  responses 
and  is  effective  in  any  motion  environment.  In- 
deed, preflight  drug  evaluation  tests  were  carried 
out  on  all  nine  astronauts;  endpoints  were  not 
reached  even  at  angular  velocities  of  20  r/min  for 
the  Skylab  2 crewmen  and  30  r/min  for  the  Sky- 
lab  3 and  Skylab  4 crewmen. 

Results 

It  is  convenient  to  present  the  findings  dealing 
with  motion  sickness  first  under  ‘‘operational  con- 
ditions'’ then  under  “experimental  conditions." 

Operational  Conditions, — Attention  will  be 
mainly  centered  on  motion  sickness  during  the 
orbital  phase  of  the  mission  and  will  be  discussed 
with  the  aid  of  figure  11.1-4.  The  horizontal  lines 
reflect  two  things.  First,  the  periods  during  which 
the  astronauts  were  based  in  the  Command  Mod- 
ule, and  in  the  workshop  during  the  first  week  in 
orbit.  Second,  the  thickness  and  continuity  of  the 
lines  indicate  the  onset  and  probable  disappear- 
ance of  symptoms  of  motion  sickness.  The  onset 
of  symptoms  is  indicated  fairly  accurately.  The 
disappearance  of  symptoms,  however,  involves 
first  a loss  of  susceptibility  to  the  eliciting  stimu- 
lus, then  spontaneous  restoration  through  homeo- 
static mechanisms  and  finally  something  termed 
convalescence,  hence  “disappearance"  of  motion 
sickness  symptoms  is  difficult  to  determine.  The 
vertical  lines  indicate  when  an  antimotion  sickness 
drug  was  taken  and  its  composition.  The  adminis- 
tration of  drugs  increases  the  difficulty  of  diagnos- 
ing motion  sickness,  hence  accuracy  in  diagnosis  is 
greater  in  the  absence  of  drug  effects. 

Skylab  2. — As  indicated  earlier,  the  Commander 
was,  in  all  likelihood  the  least  susceptible  to  mo- 
tion sickness  among  the  nine  Skylab  astronauts. 
He  didn't  take  any  antimotion  sickness  drugs  and 
was  symptom  free  under  all  conditions. 

The  Scientist  Pilot,  in  a debriefing,  stated,  “I 
took  the  one  ‘scop/dex'  (antimotion  sickness 
drug)  right  after  insertion  (into  orbit)  that  I 
had  preprogramed  myself  to  take,  whether  I 
needed  it  or  not."  He  further  stated,  “I  felt  that, 
although  we  had  no  overt  symptoms  of  motion 
sickness  or  any  other  specific  syndrome  related 


to  transitioning  to  weightlessness,  my  appetite 
was  a little  bit  less,  neglecting  day  1 when  it  was 
completely  normal,  and  that  it  was  a little  less  for 
somewhere  like  the  first  week.  I don't  know  why 
this  is.  As  I said,  I had  no  particular  symptoms.  I 
felt  fine  during  those  first  7 days,  but  I thought  I 
felt  even  better  after  that." 

It  is  also  noteworthy  that  both  the  Commander 
and  Scientist  Pilot  reported  that  while  engaged 
in  spinning  rapidly  about  their  long  axes  or  “run- 
ning" around  the  inside  of  the  workshop,  they 
experienced  immediate  reflex  vestibular  side  ef- 
fects, mainly  “false  sensations"  of  rotation.  Based 
on  past  experience,  both  astronauts  expected  that 
motion  sickness  would  follow  the  reflex  effects  and 
were  surprised  by  their  immunity. 

The  Skylab  2 Pilot  did  not  take  an  antimotion 
sickness  drug  aloft  and  remained  symptom  free. 
Unlike  his  comrades,  however,  although  he  was 
aware  of  illusory  phenomena  their  intensities 
made  little  impression  on  him. 

During  entry  the  Skylab  2 astronauts  did  not 
perceive  the  oculogravic  illusion.  The  Scientist 
Pilot  stated  afterward,  “I  never  picked  it  up  at 
all.  I think  it  just  had  to  do  with  the  fact  that  you 
have  so  many  visual  cues  and  you're  so  well 
lighted  and  also  your  attention  is  so  riveted  on  the 
instruments  that  you  have  no  such  illusion.  . . . 
The  first  time  we  were  conscious  of  any  vestibular 
inputs  was  after  we  were  on  the  water  and  un- 
strapped and  moved  from  the  couch.  There  was 
nothing  at  all  during  the  entry."  The  Skylab  2 
Commander  stated,  “My  first  head  movement 
was  when  I was  unstrapped  and  on  the  water, 

when  I rolled  up  on  my  right  and  moved  around 

It  was  exactly  what  I would  expect  had  I been  rid- 
ing the  centrifuge  and  done  the  same  thing."  The 
Pilot  stated,  “And  I did  move.  I got  up  from  the 
couch  and  looked  out  the  window  for  the  ship 
while  we  were  still  on  the  chutes,  and  that  didn't 
bother  me." 

At  splashdown  the  sea  state  was  5,  and  the  Com- 
mand Module  landed  and  remained  upright.  The 
astronauts  were  quite  confident  that  they  would 
not  experience  motion  sickness  on  return  and  ac- 
cordingly did  not  take  antimotion  sickness  drugs 
prior  to  entry.  Seasickness  was  not  experienced 
by  the  Commander  but  severe  symptoms  were 
manifested  by  the  Scientist  Pilot  and  mild  symp- 
toms by  the  Pilot. 
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S = Scopolamine,  0.35  mg 
D = Dexedrine  (dextroamphetamine),  5.0  mg 
P = Promethazine,  25  mg 
E = Ephedrine,  50  mg 


Figure  11.1—4. — Motion  sickness  under  operational  conditions. 


Skylab  3. — The  Skylab  3 astronauts  were  quite 
confident  before  their  mission  that  they  would  not 
become  motion  sick  in  weightlessness  and  did  not 
take  antimotion  sickness  drugs  as  a preventive 
measure. 

The  Pilot  experienced  mild  symptoms  of  motion 
sickness  within  an  hour  after  insertion  into  orbit. 
During  launch  he  wore  a space  suit  and  helmet 
(as  did  the  other  crewmen).  He  was  not  aware  of 
any  illusory  phenomena  on  transition  into  zero 


gravity.  Shortly  after  transition  he  removed  his 
helmet  and  soon  thereafter  his  space  suit.  It  was 
in  close  relation  to  taking  off  the  suit  that  the  first 
symptoms  of  motion  sickness  were  experienced. 
He  took  an  antimotion  sickness  capsule  that  re- 
lieved his  symptoms  for  a few  hours.  Later,  symp- 
toms returned  and  he  restricted  his  activities;  he 
deliberately  avoided,  however,  taking  another 
antimotion  sickness  capsule  while  based  in  the 
Command  Module. 
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During  the  activation  of  the  workshop,  about  11 
hours  into  the  flight,  the  Commander  and  Scientist 
Pilot  also  reported  the  onset  of  motion  sickness. 
Shortly  thereafter  the  Skylab  3 Scientist  Pilot 
vomited.  For  three  days  the  astronauts  experi- 
enced symptoms  of  motion  sickness  which  were 
intensified  by  movement  and  alleviated  after  tak- 
ing the  drug  or  restricting  their  movements.  Dur- 
ing this  period  their  workload  was  lightened. 

On  mission  day  2 the  Scientist  Pilot  executed 
standardized  head  movements  for  30  minutes  with 
the  object  of  increasing  his  rate  of  adaptation. 
With  eyes  closed  he  had  ''no  difficulty,'’  but  with 
eyes  open  he  experienced  "developing  malaise." 

On  mission  day  4 regular  working  hours  were 
resumed,  although  some  degree  of  susceptibility 
to  motion  sickness  remained  in  all  three  astro- 
nauts Recovery  was  complete  by  the  seventh  mis- 
sion day. 

Prior  to  splashdown  the  antimotion  sickness 
drugs  were  taken,  and  symptoms  were  prevented 
even  though  the  sea  state  was  twice  as  severe  as 
that  to  which  the  Skylab  2 crew  had  been  exposed. 


On  both  days  at  sea  aboard  the  carrier,  the  Pilot 
took  an  antimotion  sickness  capsule,  implying 
some  susceptibility  to  sea  sickness. 

Skylab  4. — In  the  light  of  Skylab  2 and  Skylab 
3 findings,  the  Skylab  4 crew  was  scheduled  to  take 
antimotion  sickness  drugs  through  mission  day  3 
and,  thereafter,  as  required.  The  drugs  actually 
administered  are  shown  in  table  11.1-IV.  The 
drugs  were  referred  to  as  "uppers"  (A)  and 
"downers"  (B)  and  on  mission  day  8 the  Scientist 
Pilot  took  the  drug  combination  B as  a soporific 
rather  than  for  its  antimotion  sickness  properties. 
Prior  to  entering  the  workshop  the  Pilot  experi- 
enced nausea  and  vomiting  and  was  not  free  of 
symptoms  during  the  first  3 days.  The  Com- 
mander reported  "epigastric  awareness"  prior  to 
meals  which  may  have  represented  susceptibility 
to  motion  sickness,  and  the  Scientist  Pilot  was 
symptom  free.  It  is  interesting  that  all  crewemen 
took  antimotion  sickness  drugs  during  recovery 
at  sea  and  were  symptom  free. 

Experimental  Conditions. — Skylab  2. — The  find- 
ings in  figure  11.1-5  demonstrate  that  the  Scien- 


Table  11.1-IV. — Skylab  U Antimotion  Sickness  Medication 


Mission  event 

Approx,  time 
(Hours  c.s.t.) 

Scientist 

Commander  Pilot 

Pilot 

Launch  day  (MD  1) 

After  insertion 

0900 

A 

B 

After  NC-1  ^ 

1100 

A 

After  docking 

1700 

B 

B 

B 

2300 

B 

MD  2 and  MD  3 

0600 

A 

A 

B 

On  arising 

1000 

A 

A 

1400 

B 

B 

B 

MD  4 

0600 

A 

A 

B 

On  arising 

1400 

B 

MD  8 

Bedtime 

B 

MD  33 

Bedtime 

B 

MD  82 

Bedtime 

B 

MD  84 

A 

A 

A 

About  2 hours  prior 

to  splash  (entry) 

^ First  Phasing  Maneuvers. 

A Scopolamine/Dexedrine  (0.35/6.0  mg). 
B Promelhazine/Ephedrine  (25/50  mg). 
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Figure  11.1—5. — Motion  sickness  symptomatology  on  Skylab  2 astronauts  quantitatively 
expressed  in  terms  of  malaise  level,  as  evoked  by  the  test  parameters  (rotational  ve- 
locity, number  of  head  movements,  and  direction  of  rotation)  used  before,  during, 
and  after  the  Skylab  2 mission. 


tist  Pilot  and  Pilot  (the  Commander  did  not 
participate)  were  less  susceptible  to  motion  sick- 
ness when  they  executed  head  movements  during 
rotation  aloft  than  when  they  did  so  on  the 
ground.  Preflight,  on  three  widely  separated  occa- 
sions, the  M II  A endpoint  was  consistently 
elicited  after  30  to  60  head  movements  while  those 
astronauts  were  being  rotated  at  12.5  r/min  (Sci- 
entist Pilot)  or  15  r/min  (Pilot).  When  rotation 
tests  were  carried  out  in  the  workship,  both  of 
these  astronauts  were  virtually  symptom  free; 
their  minimal  responses,  which  were  transient, 
did  not  even  qualify  for  a score  of  one  point.  This 
was  true  even  when  the  angular  velocities  were  in- 
creased (in  two  steps)  to  30  r/min.  The  ephemeral 
manifestation  reported  by  the  Scientist  Pilot  on 


mission  day  20  was  a slight  increase  in  subjective 
body  warmth,  and  on  mission  day  24,  a mild  cold 
sweating.  The  temporary  manifestations  reported 
by  the  Pilot  on  mission  day  6 when  the  rotating 
litter  chair  was  stationary  were  epigastric  aware- 
ness and  increased  body  warmth ; and,  on  mission 
day  24,  slight  dizziness  and  cold  sweating. 

Postflight  there  was  no  significant  change  in 
the  susceptibility  of  the  Scientist  Pilot  to  motion 
sickness  compared  with  preflight,  and,  for  the 
Pilot,  no  significant  change  on  the  third  day  post- 
flight. The  decrease  in  susceptibility  manifested 
by  the  Pilot  on  day  8 postflight  does  not,  in  all 
likelihood,  reflect  more  than  a temporary  change 
in  his  susceptibility. 

Skylab  3. — The  findings  in  the  three  astronauts 
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are  summarized  in  figure  11.1-6.  It  can  be  seen 
that  they  were  virtually  immune  to  experimental 
motion  sickness  aloft  and  that  their  susceptibility 
was  lower,  at  least  temporarily,  after  the  mission 
than  before. 

The  Commander  was  tested  in  the  rotating  litter 
chair  on  two  widely  separated  occasions  preflight 
and  demonstrated  similar  susceptibility  levels 
each  time.  On  mission  days  26  and  41  he  was 
symptom  free  when  rotated  clockwise,  respec- 
tively, at  20  and  30  r/min.  On  mission  day  52  he 
was  rotated  counterclockwise  at  30  r/min  and  ex- 
perienced what  he  described  as  a slight  vague 
'‘malaise''  that  persisted  for  approximately  30 
minutes  following  the  test.  The  question  arises 
whether  secondary  etiological  factors  accounted 


for  both  the  appearance  and  nature  of  this  symp- 
tom, which  is  not  typical  of  acute  motion  sickness, 
or  whether  the  astronaut  was  not  quite  adapted 
to  counterclockwise  rotation.  Postflight,  the  Com- 
mander was  symptom  free  on  the  day  after  re- 
covery when  he  executed  head  movements  with 
the  rotating  litter  chair  stationary  and  on  the 
second  day  postflight  when  it  was  rotating  clock- 
wise at  15  r/min.  On  the  fifth  day  postflight  an 
endpoint  was  reached  that  approximated  his  pre- 
flight susceptibility  level. 

The  Scientist  Pilot  was  tested  on  four  widely 
separated  occasions  preflight,  and  the  M II  A end- 
point was  always  reached  with  approximately  the 
same  stressor  stimulus.  Aloft  the  Scientist  Pilot 
was  tested  on  six  occasions,  the  first  on  mission  day 
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Figure  11.1—6. — Motion  sickness  symptomatology  of  Skylab  3 astronauts  quantitatively 
expressed  in  terms  of  malaise  level  as  evoked  by  the  test  parameters  (rotational  ve- 
locity, number  of  head  movements,  and  direction  of  rotation)  used  before,  during 
and  after  the  Skylab  3 mission. 
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5 with  the  rotating  litter  chair  stationary.  There- 
after, the  angular  velocities  of  the  chair,  beginning 
at  20  r/min,  were  increased  to  25  r/min,  then  to 
30  r/min  for  the  last  three  tests;  symptoms  of 
motion  sickness  were  never  elicited.  Postflight  he 
was  symptom  free  on  the  day  after  recovery  when 
the  rotating  litter  chair  was  stationary  and  again 
on  day  2 postflight  when  the  rotating  litter  chair 
was  rotating  counterclockwise  at  20  r/min.  On 
day  5 postflight  the  Scientist  Pilot  experienced 
very  mild  symptoms  (dizziness  II,  drowsiness  I), 
but  an  endpoint  was  not  reached  when  the  rotat- 
ing litter  chair  was  rotating  clockwise  at  25 
r/min.  The  M II  A endpoint  was  reached  on  day 
17  postflight  with  the  rotating  litter  chair  rotating 
counterclockwise.  The  Skylab  3 Pilot  was  tested 
on  four  widely  separated  occasions  preflight  and 
demonstrated  similar  test  scores  on  all  four  occa- 


sions. Aloft  he  was  tested  on  six  occasions.  On 
mission  day  5 he  experienced  slight  but  persistent 
“dizziness”  when  the  rotating  litter  chair  was 
stationary.  (It  will  be  recalled  that  on  mission  day 
5 the  Pilot  was  just  getting  over  his  susceptibility 
to  motion  sickness  in  the  workshop  and  that  he  had 
taken  an  antimotion  sickness  drug  on  mission  day 
3.)  Thereafter,  he  was  symptom  free  when  rotated 
clockwise  at  20,  25,  and  30  r/min  and  on  mission 
days  8,  18,  and  29,  respectively.  On  mission  day  43 
he  experienced  “some  body  warmth”  that  did  not 
rate  a one-point  score  (moderate  intensity  re- 
quired) while  rotating  clockwise  at  30  r/min, 
but  he  was  sjmptom  free  10  days  later  while 
rotating  counterclockwise  at  30  r/min. 

Skylab  4. — The  findings  are  summarized  in  fig- 
ure 11.1-7.  Preflight  the  ceiling  on  the  test  was 
closely  approached  in  the  case  of  the  Commander 
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Figure  11.1-7. — Motion  sickness  symptomatology  of  Skylab  4 astronatus  quantitatively 
expressed  in  terms  of  malaise  level  as  evoked  by  the  test  parameters  (rotational  ve- 
locity, number  of  head  movements,  and  direction  of  rotation)  used  before,  during, 
and  after  the  Skylab  4 mission. 
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and  Pilot  and  nearly  reached  in  the  case  of  the 
Scientist  Pilot.  In  the  woi’kshop  the  ceiling  of  the 
test  was  quickly  reached  without  eliciting  any 
symptoms  of  motion  sickness.  In  view  of  this  im- 
munity a change  in  the  procedure  was  instituted. 
This  change  was  essential  to  determine  whether 
the  absence  of  responses  was  the  result  of  complete 
insusceptibility  or,  in  part,  the  consequence  of 
adaptation  to  the  stressful  accelerations  during  the 
period  of  exposure  to  rotation.  The  latter  was 
tested  by  reversing  the  direction  of  rotation  im- 
mediately after  150  head  movements  had  been  ex- 
ecuted in  the  initial  direction  of  rotation.  The 
basis  for  this  approach  rested  on  the  finding  that 
although  bidirectional  adaptation  effects  are  ac- 
quired with  either  clockwise  or  counterclockwise 
rotation,  the  level  of  adaptation  is  greater  in  the 
direction  of  turn  than  in  the  opposite  direction. 
Therefore,  by  reversing  the  direction,  the  elicita- 
tion or  nonelicitation  of  symptoms  of  motion  sick- 
ness served  to  indicate,  respectively,  whether  the 
absence  of  symptoms  during  the  initial  direction 
of  turn  was  or  was  not  due  in  part  to  the  acquisi- 
tion of  adaptation.  On  mission  day  73,  the  Com- 
mander and  Pilot,  and  on  mission  day  75,  the 
Scientist  Pilot  remained  symptomless  during  the 
bidirectional  test  procedure.  Consequently,  they 
were  not  adapting  during  the  test. 

Tests  conducted  postflight  on  days  1,  2 and  5 
revealed  either  very  mild  symptoms  or  immunity ; 
the  motion  sickness  endpoint  was  not  reached.  On 
day  17  postflight  the  Pilot  reached  the  motion 
sickness  endpoint.  On  day  31  postflight  both  the 
Pilot  and  Scientist  Pilot  reached  endpoints  and 
the  Commander  scored  3 points.  On  day  68  post- 
flight the  revolutions  per  minute  were  reduced  to 
25  r/min  and  none  reached  the  motion  sickness 
endpoints. 

Discussion 

There  were  clear-cut  findings  under  operational 
and  experimental  stimulus  conditions  that  will 
serve  as  points  of  departure  in  the  following 
discussion. 

Operational  Conditions. — Command  Module. — 
Two  astronauts  were  motion  sick  when  based  in 
the  Command  Module,  the  Skylab  3 Pilot  and  the 
Skylab  4 Pilot.  The  latter  had  taken  two  doses  of 
an  antimotion  sickness  drug  (Promethazine  HCl 
25  milligrams  and  ephedrine  sulfate  50  milli- 


grams) in  8 hours,  which  may  have  complicated 
the  symptomatology,  hence,  the  attention  here  will 
center  on  the  Skylab  3 Pilot. 

Shortly  after  transition  into  orbit  the  Skylab  3 
Pilot  experienced  mild  symptoms  characteristic  of 
motion  sickness.  The  close  temporal  relation  be- 
tween the  astronaut’s  activities  and  the  onset  or 
alleviation  of  symptoms  and  the  relief  following 
administration  of  the  antimotion  sickness  capsule 
confinned  the  diagnosis,  the  earliest  confirmation 
among  space  crewmen  on  record. 

On  entry  into  weightlessness  few  of  the  internal 
adjustments  that  were  initiated  during  the  tran- 
sition were  complete.  Alterations  such  as  in  hemo- 
dynamic adjustments,  redistribution  of  body  fluids, 
and  changes  in  electrolyte  balance  that  might  af- 
fect susceptibility  to  motion  sickness,  either  via 
the  vestibular  system  or  more  indirectly,  were  at 
various  stages  along  their  time  course  (refs.  25, 
26,  27,  28,  29).  Even  though  the  stimulus  to  the 
macular  receptors  due  to  gravity  was  lost,  the 
question  had  arisen  as  to  whether  the  physiological 
deafferentation  process  had  stabilized. 

Loss  of  the  g-load  would  affect  the  “modulat- 
ing influence”  of  the  otolithic  system.  If  the 
otolithic  influence  was  inhibitory  the  responses 
elicited  by  stimulation  of  the  canals  are  said  to 
be  “exaggerated”  (ref.  30).  The  observations 
bearing  on  this  point  in  parabolic  flight,  how- 
ever, indicated  reduced  responses  to  canalicular 
stimulation  (refs.  31,  32,  33)  during  the  weight- 
less phase. 

Fortunately,  in  the  case  of  the  Skylab  3 Pilot, 
it  was  possible  to  follow  his  course  which  demon- 
strated that  there  was  little  or  no  support  for  the 
notion  that  nonvestibular  predisposing  factors  in 
addition  to  the  immediate  eliciting  factors  were 
involved;  he  remained  motion  sick  or  susceptible 
to  motion  sickness  at  least  through  mission  day  3 
and  probably  2 days  longer.  Moreover,  the  fact 
that  the  remaining  seven  astronauts  did  not  have 
motion  sickness  while  based  in  the  Command 
Module  argues  against  a common  unique  etiologi- 
cal factor. 

Workshop. — Under  operational  conditions  three 
astronauts  were  motion  sick  for  the  first  time 
aloft  after  making  the  transition  from  the  Com- 
mand Module  into  the  workshop,  implying  that 
stimulus  conditions  were  more  stressful  then 
than  at  any  time  in  the  Command  Module  and 
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that  the  adaptation  acquired  in  the  Command 
Module  offered  inadequate  protection  in  the  work- 
shop. 

The  spaciousness  of  the  workshop  provided  the 
greatest  opportunity  up  to  the  present  time  to 
reveal  the  great  potentialities  in  weightlessness 
for  limiting  natural  movements  and  encouraging 
highly  unnatural  movements  that  often  resembled 
acrobatic  feats.  Movies  of  the  astronauts  carry- 
ing out  their  tasks  in  the  workshop,  often  involv- 
ing transitions  from  one  place  to  another,  best 
display  the  relatively  large  component  of  passive 
movement  associated  with  active  movements, 
with  the  opportunities  for  generating  unusual 
patterns  of  vestibular  stimulation  and  unusual  or 
abnormal  visual  inputs. 

The  Skylab  3 Commander  and  Scientist  Pilot 
began  to  have  symptoms  shortly  after  entering 
the  workshop,  and  soon  thereafter  the  Pilot 
vomited.  The  question  has  been  raised  whether 
the  motion  sickness  experienced  by  the  Pilot  in- 
fluenced unfavorably  the  elicitation  of  symptoms 
in  the  other  two  crew  members.  This  seems  un- 
likely for  two  reasons,  namely,  the  Pilot  had  been 
motion  sick  (or  highly  susceptible  to  motion  sick- 
ness) since  the  first  hour  in  flight,  and  symptoms 
appeared  in  the  Scientist  Pilot  and  Commander 
before  the  Pilot  vomited.  Among  these  three 
astronauts  under  workshop  conditions,  the  Pilot 
was  not  only  most  susceptible  but  also  susceptible 
for  the  longest  period  while  the  Commander  was 
least  susceptible  with  the  shortest  time  course. 

It  was  on  mission  day  2 that  the  Scientist  Pilot 
executed  standardized  head  movements  for  a 
short  period  and  did  not  have  any  s}Tnptoms  with 
eyes  closed,  but,  continuing  the  head  movements 
with  eyes  open,  he  did  experience  symptoms. 
Whether  symptoms  would  have  been  elicited  if 
the  head  movements  had  been  continued  with  eyes 
closed  is  not  known,  but  the  visual  inputs  con- 
tributed to  the  interacting  sensory  stimuli  and 
probably  were  of  etiological  significance.  This 
brief  “experiment”  represented  an  attempt  at 
programing  the  acquisition  of  adaptation  effects 
and  underscores  the  possible  advantage  of  “eyes 
closed”  in  the  early  stage  of  adaptation,  some- 
thing that  has  been  demonstrated  under  labora- 
tory conditions  (ref.  34).  After  the  third  or 
fourth  day  it  is  difficult  to  sort  out  the  counter- 
vailing influences  of  eliciting  and  restoring 


mechanisms,  upon  which  were  superimposed  the 
nonspecific  general  effects  of  a period  of  ill  health. 
It  is  especially  noteworthy  that  recovery  was  not 
complete  until  mission  day  7. 

The  Skylab  4 Commander  despite  the  adminis- 
tration of  antimotion  sickness  drugs  3 times  daily 
on  mission  days  2 and  3 became  mildly  motion 
sick,  and  the  Pilot  continued,  despite  medication, 
to  demonstrate,  on  occasion,  symptoms  of  motion 
sickness. 

There  is  much  resemblance  between  the  time 
course  of  the  symptomatology  of  motion  sickness 
elicited  in  the  workshop  and  in  a slow  rotation 
room.  This  resemblance  is  due  in  large  part  to  the 
etiological  relation  between  “activities”  and  elicit- 
ing stimuli.  The  two  environments  have,  in  com- 
mon, the  generation  of  stressful  stimuli  when  a 
person  is  engaged  in  various  activities  and  abo- 
lition of  the  stressful  stimuli  when  the  head  and 
body  are  fixed.  In  both  environments  there  are: 

A delay  in  appearance  of  symptoms  after  the 
onset  of  the  stressful  stimuli ; 

A gradual  or  rapid  increase  in  severity  of 
symptoms ; 

Modulation  by  secondary  influences ; 

Perseveration  for  a time  after  sudden  cessation 
of  stimuli;  and 

A response  decline,  indicating  that  restoration 
is  taking  place  spontaneously  through  homeo- 
static events  and  processes. 

If  the  intensity  of  the  stimuli  is  high,  the  laten- 
cies associated  with  the  appearance  and  disap- 
pearance of  symptoms  will  be  brief.  With  the 
acquisition  of  adaptation  effects  and  concomitant 
reduction  in  the  intensity  of  the  stimuli,  the  laten- 
cies are  increased,  and,  characteristically,  I’estora- 
tion  may  not  only  be  prolonged  but  also 
complicated  by  the  appearance  of  symptoms  not 
typical  of  acute  motion  sickness.  Thus,  in  a slow 
rotation  room  it  has  been  demonstrated  that 
drowsiness  may  be  elicited  in  the  virtual  absence 
of  other  symptoms  (ref.  35)  and  that  after  the 
nausea  syndrome  has  disappeared,  drowsiness, 
lethargy,  and  fatigue  remained  (ref.  36) . 

An  analysis  of  the  foregoing  and  similar  mani- 
festations has  led  to  the  definition  of  a unique 
syndrome.  For  clarity,  it  is  termed  the  Sopite  syn- 
drome (from  the  Latin  Sopor,  meaning  drooping 
or  drowsy)  (Graybiel,  A.  and  J.  C.  Knepton,  “The 
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Sopite  syndrome:  a component  or  even  sole  ex- 
pression of  motion  sickness  symptomatology/’  in 
preparation).  This  syndrome  may  be  part  of  the 
clinical  symptomatology  or,  if  the  eliciting  stimuli 
are  at  a critical  level  of  intensity,  it  may  be  the 
sole  manifestation.  In  addition  to  drowsiness  and 
lethargy,  there  is  a reduced  interest  in  ongoing 
events  and  a performance  decrement,  especially 
when  attempting  to  carry  out  tasks  involving  high- 
level  mental  activity.  Lastly,  just  as  in  recovering 
from  any  illness,  there  is  a period  termed  *'con- 
valescence.”  It  is  possible  that  the  Skylab  2 Scien- 
tist Pilot  experienced  something  in  the  nature  of 
the  Sopite  syndrome  in  the  workshop. 

Under  experimental  conditions  in  the  workshop 
the  virtual  failure  to  elicit  symptoms  of  motion 
sickness  in  any  of  the  five  astronauts  who  were 
exposed  to  a stressful  type  of  accelerative  stimuli 
in  a rotating  chair  (on  or  after  mission  day  8) 
implies  that,  under  the  stimulus  conditions,  suscep- 
tibility was  lower  aloft  than  on  the  ground,  where 
symptoms  were  elicited  preflight  and  postflight. 
The  amount  of  this  decrease  in  susceptibility  could 
not  be  measured  because  the  ‘"ceiling”  on  the  test 
(30  r/min)  was  so  quickly  reached. 

The  difference  in  susceptibility  between  work- 
shop and  terrestrial  conditions  is  readily  traced 
to  gravireceptors  (mainly  in  the  otolith  organs; 
touch,  pressure,  and  kinesthetic  receptor  systems 
possibly  contributing)  for  the  reason  that  stimula- 
tion of  the  canals  was  the  same  aloft  as  on  the 
ground,  and  visual  inputs  were  always  excluded. 
If  it  is  assumed  that  the  otolith  system  is  respon- 
sible, then  the  absence  of  stimulation  to  the  oto- 
lithic receptors  due  to  gravity  must  have  a greater 
influence  (tending  to  reduce  the  vestibular  dis- 
turbance) than  the  disturbing  influences  of  the 
transient  centrifugal  linear  and  Coriolis  accelera- 
tions generated  when  head  and  trunk  movements 
were  executed  in  the  rotating  litter  chair.  Al- 
though these  transient  accelerative  forces,  as 
pointed  out  in  the  section  on  Procedure,  are  sub- 
stantial their  effectiveness  as  stimuli  are  virtually 
unknown.  The  otolithic  zonal  membrane  has  con- 
siderable mass,  and  transient  accelerations  lasting 
fractions  of  a second  might  have  little  or  no  effect. 
The  absence  of  gravity,  causing  what  has  been 
termed  “physiological  deafferentation”  of  the  oto- 
lith receptor  system,  would  be  expected  to  reduce 
not  only  the  indirect  modulating  influence  of  the 


otolithic  system  on  the  canalicular  system  but  also 
its  opportunity  to  interact  directly  with  this  sys- 
tem. 

The  important  question  arises  whether  the  prior 
adaptation  to  weightlessness  “transferred”  to  the 
rotating  environment  or  whether  it  played  a sec- 
ondary role ; namely,  simply  ensuring  the  absence 
of  overt  as  well  as  any  covert  symptoms  of  motion 
sickness.  In  this  connection,  the  findings  in  para- 
bolic flight  are  pertinent,  inasmuch  as  the  periods 
of  exposure  to  near- weightlessness  are  brief.  The 
alternating  periods  of  supragravity  and  subgravity 
states  in  parabolic  flight  create  a bias  in  favor  of 
increased  susceptibility  to  motion  sickness  in  the 
rotating  litter  chair.  Motion  sickness  susceptibility 
has  been  compared  in  74  healthy  subjects  who  ex- 
ecuted standardized  head  movements  while  they 
rotated  at  constant  velocity  during  sequential 
weightless  phases  of  parabolic  flights  and  during 
periods  of  exposures  under  laboratory  conditions 
(ref.  12).  Most  subjects  demonstrated  either  a 
substantial  increase  or  decrease  in  susceptibility, 
while  a few  experienced  little  change  in  suscepti- 
bility. 

Conclusions  and  Recommendations 

Skylab  findings  indicate  three  ways  or  means 
that  permit  weightlessness,  a static  state,  to 
qualify  as  a unique  motion  environment:  first,  its 
quasidynamic  potentialities  for  inducing  changes 
in  nonrigid  parts  of  the  body;  second,  its  unique 
potentialities  at  once  limiting  a person’s  natural 
movements  and  encouraging  unnatural  movements 
that  may  result  in  unusual  vestibular  and  visual 
sensory  inputs;  third,  the  demonstration  under 
specific  experimental  conditions  that  susceptibility 
is  lower  aloft  than  on  the  ground. 

The  lower  susceptibility  to  vestibular  stimula- 
tion aloft,  compared  with  that  on  the  ground  under 
experimental  conditions,  was  “traced”  to  the  re- 
duction in  g-load  but  had  to  meet  a precondition, 
namely,  either  there  was  no  need  to  adapt,  or,  as 
exemplified  by  the  Skylab  3 Pilot,  adaptation  to 
weightlessness  had  been  achieved.  The  inference 
is  that  from  the  standpoint  of  the  vestibular  or- 
gans, the  “basic”  susceptibility  to  motion  sickness 
is  lower  in  weightlessness  than  under  terrestrial 
conditions;  how  much  lower  remains  to  be  meas- 
ured. 

In  the  case  of  the  Skylab  3 Pilot,  the  prolonged 
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period  of  susceptibility  would  seem  to  rule  out 
any  short-lived  etiological  factors  associated  with 
entry  into  orbit. 

In  the  workshop  three  astronauts  experienced 
motion  sickness  for  the  first  time  aloft,  thus  in- 
ferring at  once  the  more  stressful  conditions  in 
the  workshop  compared  with  those  in  the  Com- 
mand Module  and  the  inadequate  level  of  adapta- 
tion previously  acquired. 

None  of  the  Sky  lab  2 crewmen  experienced  mo- 
tion sickness  in  the  workshop,  implying  either 
there  was  no  need  to  adapt  (a  possibility  in  the 
case  of  the  Commander)  or  that  prior  adaptation 
in  a less  stressful  environment  afforded  adequate 
protection.  The  period  during  which  the  ‘‘ade- 
quate'' adaptation  in  the  Command  Module  was 
acquired  by  the  Skylab  2 crewmen  was  much 
shorter  than  the  period  during  which  Skylab  3 
and  Skylab  4 crewmen  were  motion  sick,  let  alone 
the  additional  period  while  recovering  from  mo- 
tion sickness.  Both  of  these  findings  have  implica- 
tions that  argue  for  programing  the  acquisition  of 
adaptative  effects. 

Findings  in  some  of  the  astronauts,  under  both 


operational  and  experimental  conditions,  empha- 
sized the  distinction  between  two  categories  of 
vestibular  side  effects,  namely,  immediate  reflex 
phenomena  (illusions,  sensations  of  turning,  et 
cetera)  and  delayed  epiphenomena  that  include 
the  constellation  of  symptoms  and  syndromes  com- 
prising motion  sickness.  The  relationship  between 
the  two  categories  deserves  further  study. 

The  drug  combinations  1-scopolamine  and  d- 
amphetamine  and  promethazine  hydrochloride 
and  ephedrine  sulfate  were  effective  in  prevention 
and  treatment  of  motion  sickness;  nonetheless, 
they  are  not  the  “ideal"  antimotion  sickness  drugs. 

Although  not  used  as  a diagnostic  test  the  anti- 
motion sickness  drug  was  helpful  in  diagnosing 
motion  sickness,  notably  in  the  case  of  the  Skylab 
3 Pilot. 

Prevention  of  motion  sickness  in  any  stressful 
motion  environment  involves  selection,  adaptation, 
and  the  use  of  drugs.  Today  we  lack  laboratory 
tests  that  accurately  predict  susceptibility  to  mo- 
tion sickness  in  weightlessness;  susceptibility  to 
motion  sickness  in  the  weightless  phase  of  para- 
bolic flight  is  promising  but  has  not  been  validated. 
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2.  THRESHOLDS  FOR  PERCEPTION  OF  ANGU- 

LAR ACCELERATION  AS  REVEALED  BY 
THE  OCULOGYRAL  ILLUSION  (PRELIM- 
INARY RESULTS) 

Both  the  oculogyral  illusion  and  ocular  nystag- 
mus are  used  as  indicators  of  semicircular  canal 
function  and  behavior.  Nystagmography,  gen- 
erally regarded  as  the  most  useful  of  all  indicators 
of  vestibular  function,  was  not  available.  In  con- 
sequence, we  made  use  of  the  oculogyral  illusion 
(ref.  1)  which,  whatever  its  drawbacks,  is  a more 
sensitive  indicator  than  nystagmus  (ref.  2).  The 
relation  between  the  oculogyral  illusion  and  nys- 
tagmus has  long  been  an  object  of  interest  (refs. 

3,  4,  5),  and,  while  it  seems  that  the  illusion  can 
be  a consequence  of  nystagmoid  movement,  the 
behavior  of  the  two  responses  may  not  only  differ 
but  even  may  simultaneously  occur  in  the  opposite 
sense. 

Although  complete  agreement  regarding  the 
effect  of  g-loading  on  nystagmus  may  be  lacking, 
the  weight  of  the  evidence  indicates  that  the  in- 
tensity of  the  nystagmic  responses  increases  and 
decreases,  respectively,  with  increases  and  de- 
creases in  g-load  (refs.  6,  7) . It  is  also  to  be  noted 
that  these  effects  are  quickly  manifested  and  are 
ascribed  to  otolithic  excitatory  or  inhibitory  in- 
fluences. 

John  Glenn  conducted  the  first  experiment  in 
space  flight  that  involved  the  oculogyral  illusion 
(ref.  8).  He  compared  the  oculogyral  illusion 


observed  during  rotation  in  the  laboratory  and  in 
the  Mercury  spacecraft  during  the  course  of  his 
orbital  flight.  In  Glenn’s  opinion,  the  illusory  ef- 
fects as  the  result  of  very  similar  angular  accel- 
erations were  ‘‘essentially  the  same.” 

Roman,  et  al.  (ref.  9),  used  the  oculogyral  il- 
lusion to  measure  “the  sensitivity  of  the  semi- 
circular canals  to  stimulation”  during  periods  of 
weightlessness  averaging  46  seconds  in  parabolic 
flight.  This  was  accomplished  by  rolling  the  air- 
craft during  periods  of  subgravity  as  well  as 
during  one-g  control  maneuvers  and  by  timing 
the  duration  of  apparent  rotation  of  a visual  tar- 
get. It  was  concluded  that  there  was  no  significant 
difference  between  the  duration  of  the  illusion 
under  the  two  stimulus  conditions. 

Procedure 

Subjects. — Eight  of  the  nine  Skylab  astronauts 
(the  Skylab  2 Commander  did  not  participate) 
acted  as  test  subjects.  Each  had  demonstrated  nor- 
mal otolithic  and  semicircular  canal  function,  as 
indicated,  respectively,  by  ocular  counterrolling, 
and  by  caloric  as  well  as  oculogyral  illusion  re- 
sponses. The  oculogyral  illusion  perception  thresh- 
old of  each  participant  measured  initially  by  a 
method  (ref.  10)  different  from  the  one  used  in 
this  study  fell  within  the  lower  half  of  the  distri- 
bution of  300  similarly  tested  normal  healthy 
males  as  shown  in  figure  11.2-1. 

Apparatus. — Vestibular  Test  Goggle. — The  ves- 
tibular test  goggle,  described  in  detail  elsewhere 
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Figure  11.2-1. — Performance  of  llie  astronauts  compared  with  that  of  300  normal 
subjects  using  a variation  of  the  Skylab  procedure. 


(ref.  10),  is  a self-contained  device  worn  over  the 
subject's  eyes  (fig.  11.2-2).  The  collimated  line- 
of-light  target,  the  only  thing  visible  to  the  sub- 
ject, is  self-illuminated  by  a radioactive  source 
and  arbitrarily  placed  for  viewing  by  the  right 
eye  only.  The  device  is  held  on  the  face  by  its  at- 
tachment to  a biteboard  assembly  which,  in  turn, 
is  secured  by  an  adjustable  support  connected  to 
the  rotating  litter  chair.  The  distance  between  the 
ocular  and  occlusal  planes  is  adjusted  so  that  the 
subject's  visual  axis  in  its  primary  postion  is 
essentially  in  the  ‘‘horizontal"  plane  containing 
the  optic  axis  of  the  target  system. 

Acceleration  Profile. — The  rotating  litter  chair, 
described  in  part  1,  was  programed  to  rotate  a 
seated  subject  (clockwise  or  counterclockwise)  at 
any  one  of  24  progressive  logarithmic  steps  in 
velocity  versus  constant  time  (90  seconds)  profiles 


Figure  11.2—2. — Sketch  of  goggle  device  with  slight  right- 
ward  apparent  displacement  of  line  target  as  viewed  by 
the  astronaut.  Some  apparent  displacement  is  commonly 
associated  with  apparent  movement. 
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within  extremely  narrow  limits  of  precision.  The 
man-suppoi’ting  superstructure  and  motor  of  the 
rotating  litter  chair  are  directly  coupled  to  elimi- 
nate gear  slack  and  perceptible  vibration  and 
therefore  meet  the  physiological  requirement  of 
eliminating  small  performance  errors  that  are 
normally  within  the  sensitivity  range  of  the  deli- 
cate vestibular  organs. 

Plan. — The  subject  was  secured  in  a seated 
position  within  the  rotating  litter  chair,  and  his 
biteboard  and  the  vestibular  test  goggles  were  af- 
fixed to  the  support  mechanism  of  the  chair.  He 
engaged  the  biteboard  with  his  teeth  and  donned 
the  vestibular  test  goggle  by  tilting  his  head  for- 
ward 20°.  The  target  viewed  by  his  right  eye 
was  adjusted  so  that  it  appeared  vertical  and 
straight  ahead.  The  purpose  of  the  fixed  head  tilt 
was  to  place  the  ‘‘plane’"  of  the  lateral  canals 
closer  to  the  plane  of  rotation.  The  rotating  litter 
chair  device  had  the  capability  of  generating  any 
one  of  24  progressive  logarithmic  steps  of  con- 
stant acceleration  ranging  from  0.02°/s-  (step  1) 
to  3.00®/s^’  (step  23)  ; two  log  units  of  acceleration 
separated  steps  23  and  24.  However,  in  order  to 
reduce  in-flight  experimental  time,  the  test  selec- 
tion was  limited  among  steps  1,  4,  8,  10,  14,  and 
18.  In  the  first  two  missions,  steps  1,  4,  8,  10,  and 
18  were  used ; in  the  third  mission,  step  14  was 
introduced  as  a test  option  when  appropriate  to 
determine  performance  within  the  large  interval 
between  acceleration  log  steps  10  and  18.  When 
step  14  was  used,  step  1 or  18  was  omitted,  the 
choice  depending  upon  the  pattern  of  prior  test 
performance  by  the  subject.  Testing  was  always 
done  in  the  ascending  order  to  acceleration  rates. 
After  one  of  the  acceleration  rates  was  selected 
on  the  basis  of  the  predetermined  test  schedule 
and  prior  subject  performance,  the  program  start 
switch  of  the  rotating  litter  chair  was  pressed. 
After  2 seconds  of  constant  positive  acceleration, 
the  subject  was  signaled  to  open  his  eyes;  after  5 
seconds’  accumulative  time,  he  was  signaled  again 
to  judge  whether  the  target  appeared  to  move 
rightward  or  leftward,  or  to  remain  stationary.  If 
the  subject  did  not  respond  after  15  seconds’  ac- 
cumulative time,  a third  signal  was  given.  If  no 
response  was  received  within  20  seconds’  accumu- 
lative time,  the  end  of  the  constant  acceleration 
period  and  the  beginning  of  the  25-second  constant 
velocity  phase,  it  was  assumed  and  recorded  that 


no  movement  was  perceived.  The  subject  was  in- 
structed to  close  his  eyes  immediately  after  each 
response. 

The  down  ramp  of  the  profile  required  the  sub- 
ject, as  in  positive  acceleration,  to  open  his  eyes 
at  2 seconds  and  to  respond  between  the  5th  and 
20th  second  after  deceleration  had  begun.  After 
reaching  zero  revolutions  per  minute,  the  rotat- 
ing litter  chair  remained  stationary  for  at  least 
25  seconds. 

Results 

All  data  collected  before,  during,  and  after  the 
Skylab  missions  2,  3,  and  4 are  presented  in  table 
11.2-1.  The  table  lists  the  number  of  a)  correct, 
b)  incorrect  with  respect  to  the  apparent  direc- 
tion of  movement,  and  c)  no  movement  responses 
divided  by  the  total  number  of  expected  right  and 
left  responses  at  each  level  of  acceleration  tested 
in  each  session,  preflight,  in-flight  (mission  day) 
and  postflight.  A summary  of  these  results  is 
portrayed  in  figure  11.2-3  as  average  “frequency 
of  seeing”  curves  with  percentage  of  correct 
responses  among  eight  trials  for  each  of  the  accel- 
eration tests  steps  under  the  three  major  test 
conditions : preflight,  in-flight,  postflight.  Com- 
parisons of  the  tabulated  preflight  data  indicate 
similar  individual  response  patterns  with  a tend- 
ency for  each  subject  to  improve  with  repetition 
of  the  test. 

A relatively  wide  range  of  accelerations  was 
employed  to  increase  the  probability  that  each 
participant’s  subthreshold  to  suprathreshold  range 
of  response  would,  in  the  event  of  even  gross 
changes,  be  captured  during  each  test  session 
aloft.  It  was  found  that  the  pronounced  changes 
occurred  principally  at  acceleration  levels  that 
produced  near  threshold  levels  of  the  oculogyral 
illusion  perception. 

Although  each  astronaut  was  instructed  to  al- 
ways report  any  nonmovement  of  target,  he  knew 
as  the  result  of  his  dual  role  as  subject  and  exam- 
iner that  only  right  or  left  responses  were  appro- 
priate. If  he  failed  to  ignore  or  was  influenced  by 
his  knowledge  of  the  procedure,  the  test  became  a 
forced-choice  situation  and  the  chance  factor  was 
50  percent ; if  he  chose  among  the  three  responses 
the  chance  factor  was  33%  percent.  An  illustration 
that  a given  set  could  influence  perception  of  the 
oculogyral  illusion  is  given  in  the  comments  of  the 
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Table  11.2-L — Oculogyral  Illusion  Response  For  Eight  Astronauts 

[Number  of  correct  and  incorrect  responses  divided  by  the  total  number  of  expected  correct  responses  reported  by  eight 
Skylab  astronauts  (Skylab  2 Commander  did  not  participate).  When  exposed  to  constant  angular  acceleration  at  indicated 
log  step  increases,  preflight,  in-flight,  and  postflight.] 
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See  footnoteg  at  end  of  table. 
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Table  11.2-1. — Oculogyral  Illusion  Response  For  Eight  Astronauts — Continued 
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See  footnotes  at  end  of  table. 


96 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


Table  11.2-1 — Oculogyral  Illusion  Response  For  Eight  Astroruiuts — Continued 
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> Mission  Day  "n." 
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CDR  = Commander 
SPT  = Scientist  Pilot 
PLT  = Pilot 

= Preflight 

X = In-flight 

— • — X = Postflight 


II  I I r-r  I I n-i  1 1 i i i it  i 1 1 i ii  ii  i 1 1 i n 
0 10  20  0 10  20  0 10  20  0 10  20 

Acceleration  level,  log  step 


Figure  11.2—3 — A summary  of  the  data  in  table  11.2-1 
shown  as  “frequency  of  seeing”  curves. 


Skylab  4 Commander  when  he  said,  '‘I  close  my 
eyes  and  I can  . . . and  it  took  me  about  three 
times  as  long  to  figure  out  that  I was  really  rotat- 
ing to  the  left.  I think  that  had  I been  rotating  to 
the  right  and  been  prejudiced  I would  have  prob- 
ably seen  it  very  quickly.  But  it  was  rather  inter- 
esting to  see  that  I could  prejudice  myself  and 
that  it  made  it  very  difficult  for  me  to  figure  out 
the  real  rotation.  It  is  really  best  not  to  think  at 
all  of  rotation  in  either  direction.  I might  also  add 
that  I saw  quite  a few  white  flashes — about  seven 
— while  I had  the  vestibular  test  goggle  on.’’  It  was 
interesting  to  note  that  prior  to  unusual  perform- 
ance of  the  SL  4 PLT  on  mission  day  81,  ground 
control  provided  feedback  information  and  ques- 
tioned his  poor  performance. 


In  the  first  mission  the  Scientist  Pilot  and  Pilot 
demonstrated  higher  thresholds  under  weightless 
conditions  than  on  the  ground;  moreover,  they 
showed  a greater  intersessional  range  in  this  re- 
sponse to  angular  acceleration  compared  to  their 
preflight  and  postflight  thresholds  of  response 
which  were  similar.  These  subjects’  data  reflect 
their  subjective  comments  that  the  illusion  was  in 
general  more  difficult  for  them  to  perceive  in-flight 
and  in  particular  in  the  midrange  of  the  accelera- 
tion steps.  Both  subjects  reported  that  at  steps  4 
through  10  the  target  often  spontaneously  ap- 
peared to  oscillate  principally  rightward  and  left- 
ward at  a frequency  of  1 to  2 seconds.  These 
oscillations  were  regularly  perceived  by  the  Scien- 
tist Pilot  and  sometimes  perceived  by  the  Pilot.  It 
is  important  to  note  that  these  oscillations  were 
never  observed  during  ground-based  testing  pre- 
flight or  postflight. 

In  the  third  mission,  the  Commander  (tested 
only  twice  aloft)  and  Pilot  revealed  average  re- 
sponses that  were  similar  to  their  preflight  and 
postflight  levels.  The  Scientist  Pilot’s  performance 
aloft  was  slightly  but  not  significantly  below  that 
on  the  ground.  All  three  subjects  reported  some 
oscillatory  movement  aloft  but  were  more  aware 
of  drowsiness  during  the  test  aloft  than  on  the 
ground. 

The  Skylab  4 Scientist  Pilot  and  Pilot  of  the 
third  and  longest  mission  showed  a tendency  to 
perceive  the  illusion  less  frequently  as  the  mission 
progressed,  whereas  the  Commander  revealed  no 
consistent  change  during  or  after  the  mission.  The 
Scientist  Pilot  demonstrated  recovery  to  baseline 
levels  in  the  first  and  second  postflight  trials,  5 
and  11  days  after  recovery,  respectively.  The 
Pilot  revealed  a reversal  in  his  performance  on 
mission  day  81,  i.e.,  his  performance  for  the  most 
part  declined  as  the  stimulus  increased.  This  un- 
usual response  mode  persisted  in  the  first  test 
postflight  (5  days  after  recovery)  but  6 days 
thereafter  his  performance  equaled  or  excelled 
his  preflight  scores. 

Discussion 

The  results  show  that  none  of  the  subjects  aloft 
consistently  improved  in  their  ability  to  perceive 
the  oculogyral  illusion,  whereas  four  revealed  some 
decrement  and  the  remaining  four  no  consistent 
change  in  this  perceptual  task.  In  this  discussion 
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we  will  consider  possible  reasons  for  the  perform- 
ance decrements  including  decreases  in  canalic- 
ular sensitivity. 

The  potential  nonvestibular  influential  factors 
that  were  reported  by  the  crewmembers  in  the 
first  two  missions  were  a spontaneous  oscillatory 
illusion  and  the  soporific  effect  of  the  test  condi- 
tions. During  the  first  mission,  the  target  line  of 
the  vestibular  test  goggle  when  viewed  under  cer- 
tain conditions  began  to  oscillate  spontaneously, 
principally  in  the  horizontal  but  sometimes  in  the 
vertical  direction.  Movement  occurred  mainly 
when  the  subject  was  accelerated  at  midrange 
levels  (table  11.2-1).  The  Skylab  2 Scientist  Pilot, 
for  example,  reported:  “Remember  the  left-right, 
l-second  to  2-second  cycling — it  was  not  present 
in  step  1. 1 noticed  it  in  step  4 and  in  most  of  the 
responses  through  step  10 ; and  in  step  18  I didn’t 
notice  it.  . . . For  me,  it  was  always  of  equal  am- 
plitude and  approximately  equal  frequency.  It  was 
really  only  noticeable  at  the  lower  levels  of  OGI, 
although  I don’t  remember  seeing  it  at  level  I.  You 
might  consider  something  in  the  way  of  an  optical 
fatigue  or  a progressive  illusion.  Also,  it  wasn’t 
noticeable  at  higher  levels  10  and  18  when  you 
were  seeing  a genuine  OGI.” 

The  Skylab  2 Pilot  observed,  “I  think  predomi- 
nantly, when  I saw  this  illusion,  it  was  at  level  4. 1 
think  the  frequency  was  essentially  unvarying. 
However,  I had  the  impression  at  times  and  I sur- 
mise it’s  strictly  an  impression,  that  instead  of 
oscillating  either  side  of  the  datum,  it  would  go 
all  to  one  side,  to  the  left,  to  my  left.”  Although 
both  astronauts  felt  that  this  oscillatory  illusion 
did  not  interfere  with  their  perception  of  the 
oculogyral  illusion,  the  data  would  indicate  other- 
wise. This  space  flight  illusion  of  movement  can- 
not be  explained  by  any  physical  movement  of  the 
subject  or  apparatus.  Even  when  the  astronauts 
attempted  to  produce  this  illusion  in  space  by 
active  head  movement,  they  were  unsuccessful  as 
reported  by  the  Skylab  2 Pilot  in  a conversation 
with  mission  control : “And  the  test  you  wanted  us 
to  run,  yes,  you  can  excite  a movement  of  the  line 
by  gradually  very  gently  rocking  your  face  back 
and  forth.  However,  that’s  not  what’s  causing  it. 
I feel  very  confident  because  it  just  looks  different. 
I did  not  experience  the  back  and  forth,  left-right 
oscillations  today  at  any  level  except  4 and  I got  it 
on — I’d  estimate  a little  more  than  half  of  step  4.” 


It  is  interesting  to  note  that  the  Skylab  2 Scientist 
Pilot  also  reported  a type  of  oscillatory  movement 
of  the  reticle  during  observations  through  the  on- 
board telescope.  Although  acceleration  at  the  step 
18  level  tended  to  increase  target  stability,  the 
registration  of  this  relatively  high  stimulus  level 
as  well  as  the  lesser  levels  was  not  as  marked  in- 
flight. The  Skylab  2 Scientist  Pilot  describes  his 
change  in  oculogyral  illusion  perception  as : “Even 
in  step  18  I felt  that  the  OGI  responses  were  not 
marked,  that  they  were  being  reinforced  by  seat 
of  the  pants  which  is  pretty  definite  in  step  18, 
and  my  general  feeling  is  that  the  OGI  response 
is  not  as  clean  cut  as  it  is  on  the  ground.” 

The  genesis  of  the  oscillatory  movement  may  be 
related  to  the  drowsiness  that  was  experienced  by 
the  astronauts ; pendular-type  eye  movements 
may  be  a prominent  feature  of  drowsiness  just 
short  of  falling  asleep.  The  exclusion  of  useful 
visual  cues  and  nonnal  otolithic  and  other  gravi- 
receptor  inputs,  the  restriction  of  active  head  or 
bodily  movements,  the  relatively  constant  audi- 
tory inputs  and  the  gentle  rotational  movements 
of  the  chair  evidently  constituted  a high  effective 
inducement  to  sleep  and  its  attendant  eye  move- 
ments. 

The  level  of  inducement,  furthermore,  seemed 
dependent  upon  the  adequacy  in  terms  of  quality 
as  well  as  quantity  of  an  individual’s  sleep  in 
space.  The  first  mission  crew  maintained  that 
their  sleep  was  quite  adequate ; however,  the  Sci- 
entist Pilot  who  perceived  the  oscillatory  move- 
ment of  the  target  more  frequently  than  the  Pilot 
commented,  “going  through  the  OGI  test,  it  was 
very  hard  to  stay  awake.  If  you  make  your  body 
motionless  you  just  really  power  down.”  During 
the  second  mission,  drowsiness  became  a more 
prevalent  factor  with  only  the  occasional  appear- 
ance of  the  oscillatory  type  of  spontaneous  illusory 
movement  as  reported  by  the  Scientist  Pilot  and 
Pilot  who  were  tested  six  times  in-flight  (the  Com- 
mander was  tested  only  twice  during  the  final  15 
days  of  the  mission)  and  showed  no  appreciable 
changes.  Drowsiness  often  led  to  sleep  for  brief 
periods.  The  reduction  in  scores  of  the  Scientist 
Pilot  and  Pilot  at  times  could  be  attributed  to 
nonperformance  due  to  sleepiness.  For  example, 
the  Scientist  Pilot  observed  that,  “The  PLT  noted 
this  time  and  I noted  on  my  run  a couple  days  ago 
that  you  get  awful  sleepy  underneath  that  set  of 
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goggles  and  you  really  tend  to  doze  off.  The  PLT 
had  to  give  a ‘no^  response  to  a couple  of  questions 
simply  because  he  had  forgotten  that  a response 
was  due.. He  didn’t  know  that  I had  tapped  him.  I 
remember  having  done  the  same  thing  on  my  run.” 
The  Pilot  suggested : 'Tt  would  be  a good  idea  to 
schedule  OGI  in  the  morning  because  it’s  awful 
easy  to  go  to  sleep  with  that  experiment,  difficult 
to  concentrate  especially  in  the  afternoon.  You 
could  even  go  to  sleep  real  easy  in  the  morning.  It’s 
a good  sleep-inducing  experiment,  and  it  should 
be  done  when  you’re  fresh.”  His  suggestion  was 
followed  and  after  mission  day  32  testing  was 
carried  out  in  the  morning  rather  than  the  after- 
noon but  no  real  changes  were  noted.  It  is  signifi- 
cant that  drowsiness  was  never  experienced  by 
any  of  the  subjects  during  either  preflight  or 
postflight  testing.  Curiously,  although  the  Skylab 
3 Scientist  Pilot  aloft  noticed  a greater  sensitivity 
to  rotation  at  step  18,  his  general  ability  to  per- 
ceive the  illusion  was  less. 

The  results  obtained  in  the  Skylab  4 mission  are 
at  once  the  most  important  (because  of  the  dura- 
tion) and  most  difficult  to  explain.  The  Com- 
mander’s performance  was  much  the  same  aloft  as 
on  the  ground,  but  the  Scientist  Pilot’s  perform- 
ance aloft  was  lower  than  on  the  ground.  For  as 
yet  unexplained  reasons,  the  Pilot  showed  a curious 


reversal  in  slope  of  his  resultant  curve  on  the  last 
mission  test  day  and  on  the  first  test  postflight. 
In  the  second  test  postflight  his  perception  of  the 
oculogyral  illusion  was  excellent,  comparable  to 
his  best  performance  preflight  and  far  exceeding 
his  scores  made  after  mission  day  12. 

Tentative  Conclusions 

The  fact  that  the  performance  of  all  the  Skylab 
3 crewmen  and  the  Skylab  4 Commander  was 
about  the  same  aloft  as  on  the  ground  demon- 
strated that  they  experienced  no  inhibitory  influ- 
ences reducing  the  effective  '^sensitivity”  of  the 
semicircular  canals.  In  consequence,  the  small  dec- 
rements in  performance  manifested  by  the  re- 
maining four  participants  cannot  be  regarded  as 
'^the  rule.” 

The  differences  in  performance  between  the 
two  groups  might  be  explained  on  the  basis  of  less 
favorable  testing  conditions  aloft  or  simply  rep- 
resent individual  differences. 

In  any  event,  the  behavior  of  the  oculogyral 
illusion  in  weightlessness  is  different  from  that 
reported  for  nystagmus  measured  during  para- 
bolic flight.  This  is  of  theoretical  interest,  at  least, 
contributing  to  the  evidence  that  these  two  re- 
sponses have  different  underlying  mechanisms. 
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3.  THE  PERCEIVED  DIRECTION  OF 

INTERNAL  AND  EXTERNAL  SPACE 

In  Gemini  flights  V and  VII  ah  experiment  was 
conducted  in  which  the  astronaut's  task  was  to 
set  a dim  line  of  light  (in  an  otherwise  dark 
field)  to  an  external  horizontal  reference.  Aloft 
this  reference  was  a panel  horizontal  with  refer- 
ence to  the  astronaut's  seat,  while  on  the  ground 
the  test  was  conducted  with  the  astronaut  secured 
in  the  gravitational  upright  position.  Except  for 
a systematic  error  in  the  case  of  one  astronaut  the 
settings  made  aloft  were  as  accurate  as  on  the 
ground.  The  inference  drawn  was  that  relatively 
meager  touch,  pressure,  and  kinesthetic  receptor 
cues  served  as  well  as  the  more  plentiful  non- 
vestibular  and  otolithic  cues  on  the  ground.  It  was 
these  findings  that  generated  the  interest  to  re- 
peat the  experiment  under  far  more  favorable 
conditions  in  Skylab  missions  (ref.  1). 

Astronauts 

In  the  Skylab  2 mission  it  was  decided  that  the 
Commander  would  not  participate  in  the  oculo- 
gyral illusion  or  motion  sickness  susceptibility 
tests.  It  was  left  to  the  Commander  to  determine 
whether  and  to  what  extent  he  would  act  as  a 
subject  in  the  space  perception  tests. 

Apparatus 

Goggle  Device. — Devices  for  studying  the  visu- 
ally perceived  direction  of  space  in  the  absence 
of  visual  cues  have  long  been  in  use,  but  the  prin- 
ciple underlying  such  devices  is  so  simple  that  its 
elegance  is  seldom  appreciated.  The  basic  device 
is  a visual  target,  usually  a line  pattern  of  light 
on  a dark  background,  that  can  be  manipulated 
to  indicate  the  direction  of  space  yet  afford  no 
clue  to  its  direction. 

The  so-called  vestibular  test  goggle  used  in  the 
Gemini  V and  VII  experiment  was  modified  for 
the  specific  purpose  of  the  Skylab  mission. 

The  overall  appearance  of  the  goggle  is  shown 
in  figure  11.3-1.  The  inner  surface  of  the  goggle 
forms  the  soft-cushion  carrier  portion  structured 


so  that  it  may  be  pressed  firmly  against  the  sub- 
ject's face  without  discomfort.  The  mask  section 
of  the  goggle  forms  the  rigid  base  for: 

Attachment  of  the  target  and  optical  system ; 

Gear  mechanisms  and  scales  for  adjustment  and 
reading  out  the  positions  of  the  target  in  the 
roll  and  pitch  planes ; 

Stabilization  of  the  coupling  to  the  biteboard 
assembly;  and 

The  external  cover. 

The  slit  target  consists  of  a single  0.1  mm  X 
0.55  mm  sealed  vial  of  tritium  gas  (U.S.  Radium 
Corporation — Atomic  Energy  Commission  license 
09-06979-03)  which  requires  licensing  for  han- 


Figure  11.3—1. — Goggle  device  showing  behavior  of  the 
target  in  the  pitch  and  roll  planes. 
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dling.  The  self-luminous  light  source  has  a rela- 
tively constant  level  of  illumination  over  a half-life 
of  12  years  without  bulbs,  batteries,  and  wiring 
which  would  require  periodic  servicing  and  re- 
placement. High  reliability  and  essentially  com- 
plete safety  of  this  light  source  are  assured  by 
a rugged  housing  qualified  to  withstand  space- 
craft launch  forces.  The  target  light  is  collimated 
by  a triplet  located  near  the  subject’s  eye.  The 
position  of  this  triplet  can  be  adjusted  toward  or 
away  from  the  target  with  a fine  threaded  screw 
adjustment  to  correct  for  a wide  range  of  spheri- 
cal refractive  errors  of  the  subject,  thereby  ensur- 
ing a sharp  image  of  the  test  target  for  each  sub- 
ject. 

The  pitch  of  the  target  is  adjusted  (throughout 
a range  of  ±20  degrees  relative  to  a reference 
plane  normally  at  eye  level  when  the  subject  is 
upright)  by  means  of  a knurled  knob  (fig.  11.3-1) 
that  activates  a mechanical  link  to  a rack  and 
pinion  gear.  The  target’s  roll  position  can  be 
changed  by  rotating  a second  knurled  knob  (fig. 
11.3-1)  linked  to  a helical  gear  arrangement 
(36:1  ratio) ; fine  rotary  adjustment  can  be  made 
without  limit  in  the  clockwise  or  counter-clockwise 
direction.  The  line  pattern  target  was  designed 
with  a break  at  its  center,  serving  as  a visual  ref- 
erence point  and  a break  near  one  of  its  ends  to 
indicate  polarity.  The  entire  target  and  optical 
system  is  arbitrarily  placed  in  the  right  half  of 
the  goggle  for  viewing  by  the  right  eye  only. 

The  device  weighs  less  than  1 pound  and  is  eas- 
ily supported  and  held  firmly  against  the  subject’s 
face  solely  by  his  teeth  interfacing  with  the  bite- 
board  assembly.  Dental  impression  material  soft- 
ened by  heat  or  more  permanent  material 
fashioned  by  a molding  process  is  deposited  on  the 
biteboard  for  custom  fitting.  One  model  of  the 
goggle  is  provided  with  scales  for  direct  readouts, 
another  with  potentiometers  for  continuous  write- 
outs. 

Rod-and-Sphere  Device. — Most  devices  for  in- 
dicating the  upright  are  confined  to  movement  in 
one  plane.  The  rod-and-sphere  device  shown  in 
figure  11.3-2  was  fabricated  specifically  for  the 
Skylab  experiment.  The  reference  sphere  is  a 
15.24  cm  (6-in.)  diameter,  lightweight  [336  g 
(12  oz)]  hollow,  metallic  sphere  that  is  used  in 
conjunction  with  the  magnetic  pointer.  The  pointer 
is  attached  to  the  rotating  litter  chair  by  means 
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of  a flexible  arm  that  contains  readouts  for  indi- 
cating the  pointer’s  pitch  and  roll  position  with 
reference  to  the  sphere,  but  not  translational 
movements.  This  arrangement  allows  considerable 
freedom  of  movement  of  the  device  without  refer- 
ence cues  to  the  rotating  litter  chair. 

In  using  the  rod-and-sphere  device  it  is  not 
possible  to  set  the  rod,  say,  to  the  upright  in  the 
frontal  plane  first,  then  make  the  setting  in  the 
saggital  plane.  Instead,  the  final  setting  must  be 
reached  incrementally,  i.e.,  usually  two  or  three 
steps.  The  astronauts  did  not  regard  this  con- 
straint a significant  handicap. 

On  the  ground  the  weak  magnetic  field  made  it 
necessary  for  the  subject  to  exert  pressure  to  keep 
the  rod  on  the  sphere  unless  the  rod  was  near  the 
gravitational  upright;  the  rod-and-sphere  device 
was  easier  to  use  in  weightlessness  than  on  the 
ground. 

Chair  Device. — The  rotating  litter  chair  could 
be  perfectly  positioned  with  regard  to  the  visual 
upright  of  the  workshop.  When  tilted  forward 
11.01®  from  the  upright  there  was  an  inescapable 
leftward  roll  of  4.5°.  In  the  litter  mode  when  the 
rotating  litter  chair  was  horizontal  there  was  a 
roll  of  0,9°  leftward;  when  tilted  head  upward 
12.1°  the  leftward  roll  was  4.95°. 

Water  Immersion  Tank. — A small  facility  was 
constructed  to  carry  out  the  space  perception  tests 
underwater.  The  object  was  to  simulate  weightless 


Figure  11.3—2. — Rod-and-sphere  device  with  subject  ma- 
nipulating the  rod  in  two  typical  positions. 
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conditions  with  regard  to  touch,  pressure,  and 
kinesthetic  receptor  systems  but  preserve  otolith 
function. 

Plan 

In  using  the  goggle  device  the  subject  grasps 
the  bite  piece  with  his  teeth,  which  causes  his 
face  to  come  in  firm  contact  (in  a repeatable  fixed 
position)  with  the  goggle  surface.  He  then  closes 
his  eyes  for  60  seconds,  opens  his  eyes,  and  sets 
the  target  in  the  roll  and  pitch  planes  to  internal 
references  (the  target  alined  with  his  longitudi- 
nal body  axis  and  its  broken  tip  pointed  toward 
his  head  and  its  center  in  the  “straight-ahead’" 
position).  The  subject  closes  his  eyes  and  signals 
the  observer  when  he  has  completed  this  task.  The 
observer  then  reads  and  records  (in  the  onboard 
log  book)  the  settings,  after  which  he  offsets  the 
target  in  some  random  fashion.  This  procedure  is 
repeated  for  a total  of  five  times.  The  subject  next 
relaxes  his  bite  and  moves  backward  from  the 
goggle  to  observe  his  position  relative  to  the  Sky- 
lab  for  a 10-second  period.  He  then  reassumes  the 
test  position  and  sets  the  target  in  relationship  to 
the  external  reference  (target  alined  with  the 
longitudinal  axis  of  the  Skylab  and  its  broken  tip 
pointing  “upward,”  and  its  center  at  eye  level  with 
reference  to  the  Skylab  floor).  The  subject  then 
closes  his  eyes  and  signals  the  observer  to  record 
and  offset  the  target.  This  cycle  is  repeated  until 
five  pitch  and  roll  settings  have  been  recorded. 
This  entire  procedure  of  internal  and  external 
spatial  localization  is  repeated  with  the  chair  in 
its  tilt  positions. 

The  chair  is  returned  to  upright,  and  the  ob- 
server next  attaches  the  magnetic  pointer  and 
readout  device  to  the  chair.  The  vestibular  test 
goggle  is  removed,  and  the  subject’s  eyes  are 
covered  with  the  blindfold.  The  subject  grasps  the 
sphere  in  his  left  hand,  the  magnetic  pointer  in  his 
right,  and  attempts  to  aline  the  pointer  in  a man- 
ner analogous  to  the  visual  judgments.  For  the 
internal  reference  judgments,  the  pointer  is  placed 
parallel  to  the  apparent  long  axis  of  his  body  with 
its  free  end  pointing  in  the  direction  of  his  head ; 
for  the  external  judgments,  the  pointer  is  alined 
with  the  perceived  direction  of  the  Skylab  longi- 
tudinal axis  and  pointed  upward.  Five  internal 
and  external  reference  settings  (each  separated 
by  the  subject  releasing  the  rod  and  the  observer 


offsetting  it)  are  obtained  both  in  the  upright  and 
tilted  chair  positions.  The  rotating  litter  chair  is 
finally  converted  to  its  litter  mode  and  the  same 
procedure  for  measuring  the  nonvisual  perception 
of  space  with  the  rod/sphere  device  is  conducted 
with  the  litter  horizontal  as  well  as  tilted. 

Results 

All  of  the  findings  (none  for  water  immersion) 
have  been  plotted  in  terms  of  the  astronaut’s  actual 
settings.  In  general,  the  settings  using  the  goggle 
show  a strong  tendency  to  cluster,  the  settings 
made  on  the  ground  overlapping  those  aloft.  Oc- 
casionally there  is  a systematic  deviation  from  the 
“perfect”  score.  The  plots  not  only  are  difficult  to 
envision  in  terms  of  the  position  of  the  subject 
but  also  in  terms  of  the  measurements  of  the  er- 
rors. In  consequence,  the  data  is  being  replotted  in 
terms  of  actual  positions  the  subject  indicates 
with  reference  to  the  workshop,  and  small  line 
drawings  will  allow  the  reader  immediately  to 
grasp  the  stimulus  situation. 

The  plots  using  the  rod-and-sphere  device  show 
considerable  scatter  except  when  the  chair  is  up- 
right in  the  ground-based  workshop.  Settings 
made  aloft  show  a tendency  toward  deviations  of 
a similar  nature. 
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CHAPTER  12 

The  Effects  of  Prolonged  Exposure  to 
Weightlessness  on  Postural  Equilibrium 


Jerry  L.  Homick,®  Millard  F.  Reschke,*  and  Earl  F.  Miller  II  *> 


IN  HIS  NORMAL  GRAVITATIONAL  ENVIRONMENT 
man  has  four  sources  of  sensory  information 
which  can  be  used  to  maintain  postural  equilib- 
rium: vision,  vestibular  inputs,  kinesthesia,  and 
touch.  Of  these  senses  the  superiority  of  vision  as 
a basis  of  postural  stability  has  been  demonstrated 
by  a number  of  investigators  (refs.  1,  2,  3,  4,  5, 
6,  7,  8).  Even  when  other  systems  are  nonopera- 
tive, vision  can  be  employed  to  maintain  upright 
posture.  On  the  other  hand,  provided  that  the 
mechanoreceptors  are  intact,  vision  is  not  essen- 
tial as  evidenced  by  the  observation  that  blind 
people  have  little  difficulty  in  maintaining  postural 
equilibrium  (ref.  3). 

There  is  also  little  doubt  that  functional  disturb- 
ances in  the  vestibular,  kinesthetic,  and  tactile 
sensory  modalities  can  affect  postural  stability. 
People  who  have  experienced  unilateral  labyrin- 
thine or  cerebellar  damage  will  often  fall  to  the 
side  of  the  lesion  (ref.  9).  Patients  with  bilateral 
labyrinthine  disturbances,  on  the  other  hand,  fre- 
quently appear  to  exhibit  little  disability  in  main- 
taining a steady  posture  when  standing  with  feet 
together  and  eyes  closed  in  the  Romberg  position 
(ref.  10).  When  the  testing  procedure  is  improved, 
however,  and  a sharpened  Romberg  is  employed 
(ref.  11),  bilateral  labyrinthine  defects  as  well  as 
other  less  dramatic  vestibular  disturbances  do  re- 
sult in  postural  difficulties  that  are  evident  when 
the  eyes  are  closed  (ref.  12).  These  observations 
suggest  that,  in  a closed  loop  system,  the  sensory 
basis  of  postural  stability  must  include  inputs 
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son Space  Center,  Houston,  Texas. 

’>  Deceased. 


from  kinesthetic,  pressure,  and  touch  receptors, 
as  well  as  visual  and  vestibular  inputs  (refs.  13, 
14). 

That  exposure  to  the  dramatically  altered  en- 
vironment encountered  during  weightless  space 
flight  may  affect  postural  stability  has  been  under 
investigation  by  our  laboratories  beginning  with 
the  Apollo  16  mission.  Although  complete  data  are 
not  available  from  Apollo  17,  preflight  and  post- 
flight testing  of  the  Apollo  16  crewmen  indicated 
some  decrement  in  postural  equilibrium  3 days 
following  recovery  when  the  crewmen  were  tested 
with  their  eyes  closed  (ref.  15).  Using  a meas- 
urement procedure  referred  to  as  stabilography, 
investigators  in  the  Soviet  Union  have  reported 
that  the  crewmen  of  the  18-day  Soyuz  9 mission 
manifested  difficulty  in  maintaining  a stable  ver- 
tical posture  which  did  not  normalize  until  10  days 
after  the  flight.  The  greatest  disturbances  were 
measured  during  an  eyes  closed  test  condition 
(ref.  16). 

On  the  basis  of  these  observations  it  was  hy- 
pothesized that,  with  prolonged  exposure  to  a 
weightless  environment,  those  sensory  systems, 
with  the  possible  exception  of  vision,  necessary 
for  the  maintenance  of  postural  stability,  will 
undergo  some  changes.  Further,  these  changes  are 
most  likely  originally  peripheral,  and  involve  the 
modification  of  inputs  from  the  receptors  serving 
kinesthesia,  touch,  pressure,  and  otolith  function. 
As  exposure  is  prolonged,  habituation  responses 
occur  at  a central  level  in  the  nervous  system  which 
constitute  learning  in  a new  environment.  When 
the  environment  is  again  changed  from  weight- 
lessness to  one-g  reference,  ataxia  and  postural 
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instability  will  be  manifested  as  the  result  of  the 
neural  reorganization  that  has  occurred  in  weight- 
lessness. 

The  specific  objective  of  this  investigation  was 
to  assess  the  postural  equilibrium  of  the  Skylab 
astronauts  following  their  return  to  a one-g  en- 
vironment and  to  suggest  possible  mechanisms 
involved  in  any  measured  changes. 

Method 

Postural  equilibrium  was  tested  by  a modified 
and  shortened  version  of  a standard  laboratory 
method  developed  by  Graybiel  and  Fregly  (ref. 
11).  Metal  rails  of  four  widths,  1.90,  3.17,  4.45, 
and  5.72  centimeters  (0.75,  1.25,  1.75,  and  2.25 
inches),  pi’ovided  the  foot  support  for  the  crew- 
man during  the  preflight  and  postflight  tests.  In 
addition,  rail  widths  of  1.27  and  2.54  centimeters 
(0.5  and  1.0  inches)  were  available  for  preflight 
testing  only.  A tape  approximately  10.16  centime- 
ters (4.0  inches)  wide  and  68.5  centimeters  (27.0 
inches)  long  served  as  a foot-guide  alignment  when 
the  crewman  was  required  to  stand  on  the  floor. 
Each  crewman  was  fitted  with  military-type  shoes 
for  this  test,  both  preflight  and  postflight  to  rule 
out  differences  in  footwear  as  a variable  in  intra- 
subject and  intersubject  comparisons. 

The  test  rails  and  required  body  posture  are 
illustrated  in  figure  12-1.  Time,  which  was  the 
performance  measure  of  balance,  began  when  the 
crewman,  while  standing  on  the  prescribed  sup- 
port with  his  feet  in  a tandem  heel-to-toe  arrange- 
ment, folded  his  arms.  His  eyes  remained  open  in 
the  first  test  series.  In  the  second  series  the  time 
measurement  was  initiated  after  the  crewman 
attained  a balanced  position  and  closed  his  eyes. 
During  initial  preflight  testing  several  practice 
trials  were  allowed  on  representative  rails  until 
the  crewman  demonstrated  full  knowledge  of  the 
test  procedure  and  reasonable  confidence  in  his  ap- 
proach to  this  balancing  task. 

During  a test  session  the  initial  rail  width  for 
testing  with  eyes  open  was  typically  3.17  centi- 
meters (1.25  inches) . Three  test  trials  with  a max- 
imum required  duration  of  50  seconds  each  were 
given.  If  the  time  limit  was  reached  in  the  first 
two  trials,  a third  was  not  performed,  and  a per- 
fect score  of  100  seconds  was  recorded  for  the 
initial  support  width.  If  the  crewman  failed  to 
obtain  a perfect  score,  the  two  largest  time  values 


for  the  three  trials  were  summed  to  obtain  the 
final  score.  The  choice  of  the  second  rail  width 
depended  upon  the  crewman’s  performance  on 
the  initial  support  width.  If  his  score  was  greater 
than  or  equal  to  80  seconds,  the  next  smaller  sup- 
port width  was  used ; if  his  score  was  less  than  80 
seconds,  the  next  larger  support  width  was  used. 
Testing  on  a third  rail  size  was  required  when  both 
of  the  two  previous  support  width  scores  fell  either 
above  or  below  the  80-second  performance  level. 
Testing  with  eyes  closed  followed  the  same  pro- 
cedure except  that  a larger  rail  support,  5.72  centi- 
meters (2.25  inches)  was  typically  used  initially. 
Eyes  closed  testing  always  followed  testing  with 
eyes  open.  The  time  required  to  perform  the  entire 
test  was  approximately  18  minutes.  All  tests  were 
conducted  with  normal  laboratory  illumination. 

Three  preflight  baseline  tests  were  performed  on 
each  of  the  Skylab  2,  3,  and  4 crewmen  approxi- 
mately 6 months  prior  to  their  space  flights.  These 
postural  equilibrium  tests  were  part  of  a com- 
prehensive battery  of  vestibular  tests  completed 
by  each  of  the  crewmen  at  the  Naval  Aerospace 
Medical  Research  Laboratory. 

Tests  following  the  28-day  Skylab  2 mission 
were  limited  to  balancing  with  eyes  open  and  eyes 
closed  while  standing  on  the  floor  only.  These  tests 
were  conducted  during  the  first  and  second  day 


Figure  12-1. — Illustration  of  postural  equilibrium  test 
rails  and  a subject  demonstrating  the  required  test 
posture. 
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following  splashdown.  Postflight  tests  on  the  Sky- 
lab  3 Scientist  Pilot  and  Pilot  were  conducted  on 
the  2nd,  9th,  and  29th  day  following  termina- 
tion of  their  59-day  mission.  The  Skylab  3 Com- 
mander was  excluded  from  postflight  testing 
because  of  an  acute  back  muscle  strain  acquired 
on  the  first  day  postflight  which  might  have  been 
aggravated  by  the  test  procedure  and  which,  in 
any  event,  would  have  affected  his  performance 
on  the  rails.  Postflight  tests  on  each  of  the  Skylab 
4 crewmen  were  conducted  on  the  second,  the 
4th,  the  11th,  and  the  31st  day  postflight.  The 
Skylab  4 flight  was  84  days  in  duration.  With 
both  of  the  latter  two  crews  the  tests  on  the  second 
day  following  splashdown  were  conducted  onboard 
the  recovery  ship  which  was  tied  to  a dock  and, 
therefore,  provided  a stable  platform.  All  sub- 
sequent postflight  tests  were  conducted  at  the 
Johnson  Space  Center. 

Results 

Postural  Equilibrium  Tests, — Preflight  data 
obtained  on  these  crewmen  indicated  that  they 
were  all  well  within  the  range  of  postural  equilib- 


rium performance  typically  exhibited  by  young, 
healthy  aviator-type  subjects. 

The  limited  postflight  data  collected  on  the  Sky- 
lab 2 crewmen  indicated  that  they  all  experienced 
considerable  difficulty  with  standing  on  the  floor 
during  the  eyes  closed  test  condition.  They  had 
no  trouble,  however,  in  meeting  the  performance 
criterion  when  permitted  the  use  of  visual  cues. 
In  considering  the  significance  of  these  data,  it 
must  be  remembered  that  the  tests  were  performed 
on  a moving  ship. 

Data  obtained  preflight  and  postflight  on  the 
Skylab  3 Scientist  Pilot  and  Pilot  and  the  Skylab 
4 Commander,  Scientist  Pilot,  and  Pilot  are  pre- 
sented in  figures  12-2  to  12-6,  respectively.  In 
these  figures  eyes  open  and  eyes  closed  pos- 
tural equilibrium  performance  on  each  of  the  rail 
sizes  used,  plus  the  floor,  is  plotted  as  a function 
of  test  day.  The  baseline  data  point  shown  against 
which  the  postflight  data  are  compared  is  the 
mean  of  the  preflight  data  for  that  condition.  The 
standard  error  of  the  mean  was  selected  as  a de- 
scriptor of  the  variance  observed  in  the  baseline 
data  and  is  represented  by  dashed  lines.  Approxi- 
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Figure  12-2. — Postural  equilibrium  lest  performance  scores  for  the  Skylab  3 Scientist 
Pilot.  The  abscissa  for  each  rail  size  shown  indicates  the  days  on  which  testing  oc- 
curred, including  a mean  baseline  (BL)  value.  The  ordinates  show  total  time  on  the 
rails  where  total  time  is  the  sum  of  the  best  two  of  three  trials.  Data  obtained 
with  eyes  open  and  eyes  closed  are  indicated  by  closed  circles,  squares  and  tri- 
angles respectively.  The  dashed  lines  represent  values  for  the  standard  error  of  the 
baseline  mean. 
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mately  50  percent  of  those  cases  where  no  variance 
is  indicated  are  the  result  of  having  only  a single 
data  point  on  the  rail  size  in  question ; otherwise, 
the  standard  error  of  the  mean  is  less  than  one. 

Visual  inspection  of  figures  12-2  and  12-3  in- 
dicates that  the  Skylab  3 Scientist  Pilot  and  Pilot 
showed  a decrease  of  approximately  the  same  mag- 
nitude in  eyes  open  postural  equilibrium  perform- 
ance when  tested  on  the  second  day  after 


splashdown.  However,  a more  pronounced  decre- 
ment in  ability  to  maintain  an  upright  posture  was 
observed  in  the  eyes  closed  test  condition.  This 
change  was  more  evident  in  the  Pilot  and  is  clearly 
demonstrated  by  the  5.72  centimeter  (2.25  inches) 
rail  size  data  seen  in  figure  12-3.  Indeed,  without 
the  aid  of  vision  on  the  second  day  after  recovery, 
the  Pilot  experienced  considerable  difficulty  even 
when  attempting  to  stand  on  the  floor,  a condition 
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Figure  12—3. — Postural  equilibrium  lest  performance  scores  for  the  Skylab  3 Pilot.  The 
parameters  are  the  same  as  those  described  in  figure  12—2. 
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Figure  12—4. — Postural  equilibrium  test  performance  scores  for  the  Skvlab  4 Com- 
mander. The  parameters  are  the  same  as  those  described  for  figure  12-2. 
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he  was  never  confronted  with  preflight  because 
of  his  excellent  balance  on  the  4.45  centimeter 
(1.75  inches)  and  5.72  centimeter  (2.25  inches) 
rail  sizes.  Complete  recovery  to  preflight  levels  of 
performance  did  occur  in  both  the  eyes  open  and 
eyes  closed  conditions  for  both  of  these  crewmen. 
However,  the  rate  of  recovery  for  the  Pilot  was 
apparently  slower  as  evidenced  by  his  relatively 
poor  score  on  the  5.72  centimeter  (2.25  inches) 
rail  on  the  ninth  day  after  recovery. 


In  contrast  to  the  Skylab  3 crewmen,  the  Skylab 
4 Commander  and  Pilot  demonstrated  no  decrease 
in  their  postflight  eyes  open  postural  equilibrium 
as  measured  by  this  procedure  (figures  12-4  and 
12-5).  The  did,  however,  show  a very  large  deficit 
in  ability  to  balance  with  eyes  closed.  In  the  case 
of  the  Commander,  this  postflight  change  is  clearly 
indicated  on  the  first  day  after  recovery  with  the 
5.72  centimeter  2.25  inches)  wide  rail.  Also,  it 
can  be  seen  that  on  the  first  day  after  recovery 
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Figure  12—5. — Postural  equilibrium  lest  performance  scores  for  the  Skylab  4 Pilot.  The 
parameters  are  the  same  as  those  described  for  figure  12-2. 
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Figure  12—6. — Postural  equilibrium  test  performance  scores  for  the  Skylab  4 Scientist 
Pilot.  The  parameters  are  the  same  as  those  described  for  figure  12—2. 
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he  was  almost  unable  to  maintain  the  required 
vertical  posture  while  standing  on  the  floor  with 
his  eyes  closed.  Improvement  was  evident  on  the 
4th  day  after  recovery,  and  the  data  obtained  on 
the  11th  day  indicates  that  both  of  these  crewmen 
had  regained  their  preflight  level  of  ability  on  the 
eyes  closed  portion  of  this  task. 

Data  obtained  on  the  Skylab  4 Scientist  Pilot  are 
presented  in  figure  12-6.  It  can  be  seen  that,  like 
the  Skylab  3 crewmen,  the  Skylab  4 Scientist  Pilot 
experienced  a postflight  decrease  in  ability  to 
maintain  postural  equilibrium  in  both  the  eyes 
open  and  eyes  closed  test  conditions.  The  magni- 
tude of  change  was  much  greater  without  vision. 
On  the  4th  day  after  recovery  this  change  was 

still  very  evident,  but  by  the  11th  day  this  crew- 
man’s ability  to  balance  on  the  test  rails  had  re- 
turned to  baseline  proficiency. 

Subjective  Reports  and  Observations. — The 
postflight  decrease  in  postural  stability  demon- 
strated by  the  rail  tests  are  supported  by  observa- 
tions of  and  subjective  reports  by  the  crewmen. 

Although  all  of  the  Skylab  crewmen  were  able 
to  walk  with  minimal  or  no  assistance  immediately 
after  exiting  the  Command  Module,  they  did  so 
with  noticeable  difficulty.  During  this  initial  post- 
flight period  on  the  recovery  ship,  they  tended  to 
use  a wide-stanced  shuffling  gait  with  the  upper 
torso  bent  slightly  forward.  With  each  passing 
hour  back  in  the  one-g  environment,  they  gained 
confidence  and  proficiency  in  their  ability  to  walk 
about  unaided.  By  the  end  of  the  first  recovery  day 
all  of  the  crewmen  showed  considerably  improved 
ambulatory  performance  and  by  the  time  they  were 
ready  to  disembark  the  recovery  ship  on  the  sec- 
ond day  after  recovery,  they  manifested  few 
noticeable  signs  of  ataxia  or  postural  instability. 

During  the  first  several  days  following  splash- 
down, and  especially  on  the  first  recovery  day,  all 
of  the  crewmen  reported  that  the  simple  act  of 
walking  required  a conscious  effort.  The  Skylab  3 
Commander,  for  example,  reported  that,  when  he 
stepped  forward,  he  had  a feeling  that  he  was 
moving  sideways.  Also,  nearly  all  of  the  crewmen 
reported  that  they  had  to  be  especially  careful 
when  walking  around  corners  because  they  had  a 
tendency  to  fall  to  the  outside.  This  problem  was 
described  by  a few  of  the  crewmen  as  a sensation 
of  forced  lateral  movement. 

Related  to  these  subtle  disturbances  in  postural 


stability  was  the  report  by  all  of  the  crewmen 
that  rapid  head  movements  produced  a sensation 
of  mild  vertigo.  This  sensation  could  be  effectively 
controlled  by  holding  the  head  steady.  Several  of 
the  crewmen,  including  the  Skylab  4 Commander 
and  Pilot,  indicated  a particular  need  to  hold  their 
head  steady  while  attempting  to  balance  on  the 
test  rails.  Any  slight  head  movement,  especially 
during  the  eyes  closed  test  condition,  would  induce 
the  vertigo  sensation  and  cause  them  to  lose  bal- 
ance. The  movement-induced  vertigo  diminished 
gradually  and  in  most  cases  was  gone  within  3 to 
4 days  following  splashdown;  however,  the  Sky- 
lab 4 Pilot  reported  that  he  occasionally  experi- 
enced mild  vertigo  with  rapid  head  turns  as  late 

as  11  days  after  recovery.  It  is  also  of  interest  to 
note  that  on  the  second  and  fourth  days  after  re- 
covery, the  Skylab  4 Pilot  reported  experiencing 
a ‘Vide  dead-band”  when  attempting  to  balance 
on  the  test  rails  with  his  eyes  closed.  In  other 
words,  he  was  unable  to  accurately  sense  small 
displacements  of  his  head  and  body. 

Because  the  postflight  test  intervals  were  infre- 
quent and  not  at  the  same  times  for  each  crew,  the 
time  course  to  complete  recovery  cannot  be  clearly 
specified.  However,  on  the  basis  of  observations 
and  data  obtained,  it  appears  that  the  Skylab 
crewmen  required  up  to  10  days  to  regain  their 
normal  postural  stability.  These  results  are  in 
close  agreement  with  the  Soyuz-9  postflight  pos- 
tural stability  findings  reported  from  the  Soviet 
Union. 

Discussion 

The  results  from  the  present  study  provide  evi- 
dence that  postural  stability  can  be  affected  by 
prolonged  periods  of  exposure  to  weightlessness. 
Support  for  the  hypothesis  that  central  neural  re- 
organization occurs  in  response  to  environmental 
change  is  obtained  when  the  postflight  decrease  in 
stability  on  the  rails  and  the  time  course  for  re- 
covery is  compared  with  preflight  performance. 

That  adaptive  changes  may  occur  and  contribute 
to  disturbances  of  equilibrium  following  exposure 
to  a weightless  environment  is  reasonable  from  a 
physiological  point  of  view.  As  one  basis  of  pos- 
tural stability,  vision  can  expect  to  undergo  little 
change.  However,  the  vestibular  apparatus  (par- 
ticularly otolith  input),  kinesthesia,  and  touch 
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will  be  those  sensory  systems  most  affected  by 
exposure  to  zero-g. 

Subgravity  levels  can  be  experienced  in  para- 
bolic flight,  free  fall,  and  short  jumps.  Water  im- 
mersion and  sensory  deprivation  procedures 
minimize  stimulation  of  kinesthetic  and  touch 
receptor  systems  without  lifting  the  gravitational 
load  on  the  otolith  receptors.  It  is  only  in  space 
flight  that  prolonged  periods  of  weightlessness 
can  be  achieved.  During  these  periods,  kinesthetic 
and  touch  stimulation  is  reduced  and  otolith  input 
is  considerably  modified.  Static  otolith  output  can- 
not in  this  latter  situation  provide  information  for 
spatial  orientation  (spacecraft  vertical)  nor  can 
kinesthesia  or  touch  provide  reliable  sensations 
unless  the  crewman  is  in  contact  with  a rigid  sur- 
face to  provide  some  reference  point. 

That  these  sensory  systems  can  habituate  to  the 
weightless  environment  is  suggested  by  the 
increased  ability  with  time  for  the  crewmen  to 
maneuver  with  decreasing  difficulty.  In  this  regard 
physiological  evidence  has  been  obtained  that  sug- 
gests adaptation  toward  the  norm  in  the  frog's 
otolith  system  following  4 to  5 days  exposure  to 
weightlessness  (ref.  17).  It  is  also  possible  that 
habituation  in  weightlessness  of  the  sensory  sys- 
tem, basic  for  postural  stability,  is  similar  to  the 
changes  experienced  in  other  unusual  force  en- 
vironments such  as  prolonged  exposure  to  slowly 
rotating  rooms  and  movements  encountered  on 
ships. 

If  this  is  the  case,  then  several  mechanisms 
could  be  proposed  to  account  for  the  changes  oc- 
curring as  a result  of  exposure  to  weightlessness. 
First,  a central  nervous  system  ‘'pattern  center" 
concept  (ref.  18)  could  be  postulated  to  help  un- 
derstand the  possible  mechanism  encountered  in 
the  habituation  process.  For  example,  following 
insertion  into  orbit  the  crewmen  may  experience 
difficulty  in  maneuvering  and  find  orientation  to  be 
a problem.  After  4 to  5 days,  movement  from  one 
area  of  the  vehicle  to  another  would  become  some- 
what easier.  Fine  motor  control  to  determine  dis- 
placement would  be  established.  Adaptation  in  the 
postural  mechanicomotor  system  would  have 
occurred. 

On  the  basis  of  the  postulated  pattern  center, 
the  radical  environmental  change  encountered  in 
transitioning  from  one-g  to  zero-g  would  result 
in  vastly  different  outputs  from  the  otolith,  ki- 


nesthetic, and  touch  receptors.  These  altered  out- 
puts would  then  be  sent  to  their  corresponding 
centers  and  these  in  turn  relayed  to  the  pattern 
center,  where  a copy  of  the  appropriate  movement 
was  stored  progressively  over  time.  Once  an  ade- 
quate memory  of  the  pattern  is  built  up,  the  pat- 
tern center  would  take  over  movement  and 
automatic  balance  control.  Further,  under  control 
of  peripheral  inputs  from  the  otolith,  kinesthetic, 
and  touch  receptors  relaying  the  actual  move- 
ment, the  center  would  permit  anticipation  of  the 
coming  movement.  Return  to  a one-g  environ- 
ment would  result  in  a recurrence  of  difficulty, 
both  in  locomotion  and  postural  equilibrium.  Ha- 
bituation to  a gravity  reference  would  begin  almost 
immediately  and  a new  effective  pattern  in  the 
pattern  center  would  be  established  possibly  in  a 
time  proportional  to  the  previous  duration  of 
weightless  exposure. 

A second  mechanism  could  possibly  be  responsi- 
ble for  the  changes  noted  in  postural  stability.  Bio- 
stereometric analysis  of  body  form  indicated  that 
the  crewmen  experienced  a measurable  postflight 
reduction  in  body  tissue  volume,  part  of  which 
was  muscle  tissue  (ch.  22).  A significant  percent- 
age of  the  total  volume  loss  noted  was  in  the  thighs 
and  calves.  A postflight  decrease  in  leg  strength 
was  also  measured  (ch.  21).  In  the  case  of  the 
Skylab  3 crew  the  average  leg  strength  loss  was 
approximately  20  percent.  As  the  present  task 
required  standing  on  the  rails  in  a sharpened  Rom- 
berg position,  it  is  possible  that  the  crewmen 
were  physically  incapable  of  completing  the  task 
due  to  disuse  atrophy  of  the  major  weight  bearing 
muscles. 

A third  alternative  is  also  possible.  Both  a 
hyper  Achilles  tendon  reflex  and  an  increased 
gastrocnemis  muscle  potential  were  observed 
postflight  in  the  Skylab  3 and  Skylab  4 crewmen 
(ch.  15).  This  hyperactivity  could  have  resulted 
in  overreaction  and  overcompensation  on  the  part 
of  the  crewman,  thus  making  rail  performance 
difficult. 

The  fourth  mechanism  that  could  be  responsible 
for  the  degradation  of  postural  stability  observed 
postflight  in  the  Skylab  crewmen  is  one  which 
would  include  as  contributing  factors  all  of  the 
possibilities  mentioned.  Once  the  pattern  center 
serving  the  postural,  mechanomotor  system  has 
been  established  in  weightlessness  and  must  begin 
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habituation  to  a one-g  reference,  increased  reflex 
sensitivity  may  be  only  a single  aspect  of  the 
process. 

A second  aspect  may  be  that  the  loss  of  tissue 
volume  would  contribute  to  a reduction  in  mechan- 
ical damping  of  leg  movements.  For  example,  if 
we  look  at  the  pattern  center  serving  the  postural, 
mechanomotor  system  as  one  in  which  control 
depends  on  negative  feedback  (as  the  muscle 
spindle  control  system  does) , then  it  is  possible  for 
instability  to  occur  both  in  locomotion  and  pos- 
tural equilibrium.  The  instability  results  because 
the  error  signal  takes  time  to  generate  a correc- 
tive response.  This  means  that,  if  no  compensation 
for  the  error  is  programed,  the  corrective  signal 
would  arrive  at  such  a time  that  the  leg,  in  this 
case,  has  already  moved  on  to  a new  position.  A 
second  correction  would  be  necessary  which  would 
also  result  in  overshooting.  To  stop  this  oscillation 
around  the  desired  point,  the  limb  movement  must 
be  damped.  Pure  mechanical  damping  is  provided 
by  the  in-series  elastic  elements  in  the  muscles  as 
well  as  the  viscosity  of  muscle  tissue  and  joints 
(ref.  19).  More  tissue  in  the  leg  adds  increased 
mechanical  damping  while  less  tissue  would  tend 
to  permit  underdamped  movements. 

An  alternate  way  of  viewing  damping  is  to  sug- 
gest that  the  reflex  control  system  depends  on  an 
output  determining  both  position  error  and  the 
rate-of-change  of  muscle  length.  When  the  sys- 
tem has  rate-of-change  information  available,  an- 
ticipation of  the  new  limb  position  is  predictable 
and  a corrective  signal  can  be  initiated  to  begin 
corrective  adjustment  (ref.  20).  The  hyperreflex 
activity  observed  could  be  a compensatory  reac- 


tion generated  in  the  mechanism  responsible  for 
programing  the  position  center  as  a result  of 
modified  otolith  input  and  a mechanically  under- 
damped system. 

Our  results  tend  to  support  this  fourth  hypoth- 
esized mechanism.  Decreased  postural  stability 
was  observed  in  all  crewmen  when  tested  post- 
flight. Although  the  larger  deficits  were  obtained 
when  visual  cues  were  not  available,  there  were 
greater  changes  in  postflight  equilibrium  in  the 
Skylab  3 crew  with  vision  than  there  were  in  the 
Skylab  4 crew.  Correspondingly,  the  Skylab  3 
crew  did  not  exercise  to  the  same  degree  in-flight 
as  the  Skylab  4 crew  and,  as  a result,  exhibited 
a greater  loss  in  leg  muscle  strength  and  muscle 
tissue.  This  suggests  that  vision  compensated  less 
with  increasing  muscle  mass  loss. 

These  overall  findings  argue  for  an  environ- 
ment dependent  memory  store  (pattern  center) 
of  frequently  repeated  sensory  inputs  that  is  un- 
der the  guidance  of  a combined  otolith,  kines- 
thetic, and  touch  system  which  registers  the  ac- 
tual movement  and  allows  for  anticipation  and 
compensation  of  each  movement  as  it  occurs. 
Being  environmentally  dependent,  such  a mecha- 
nism could  account  for  the  buildup  of  postural 
responses  (such  as  hyper  reflex  activity)  in  zero-g 
that  would  be  inappropriate  upon  return  to  a 
one-g  reference.  A mechanism  of  this  type  could 
be  applied  to  account  for  sensory  physiological 
habituation  in  a variety  of  situations.  In  par- 
ticular, such  a mechanism  could  provide  an  ade- 
quate basis  for  change  when  the  acquired  response 
patterns  are  no  longer  congruent  with  the  en- 
vironment. 
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CHAPTER  13 

Experiment  M133.  Sleep  Monitoring  on  Skylab 


James  D.  Frost,  Jr.,*  William  H.  Shumate,"  Joseph  G.  Salamy,"  and 
Cletis  R.  Booher  " 


IT  HAS  LONG  BEEN  RECOGNIZED  that  sleep  de- 
privation is  associated  with  degradation  of 
performance,  the  amount  or  severity  of  the  per- 
formance decrement  generally  increasing  in  pro- 
portion to  the  length  of  the  sleep  loss  (ref.  1). 
Since  crewmembers  are  expected  to  perform  at 
a high  level  throughout  a mission,  their  ability 
to  obtain  sufficient  sleep  becomes  an  important 
variable  in  terms  of  overall  mission  planning  and 
scheduling  of  daily  work-rest  periods. 

The  United  States’  first  attempt  to  record  the 
electroencephalogram  (EEG)  during  space  flight 
was  carried  out  during  the  Gemini  7 mission  in 
1965  (refs.  2,  3,  4,  5).  Technical  difficulties  asso- 
ciated with  electrode  attachment  limited  record- 
ing to  slightly  under  55  hours.  However,  two 
sleep  periods  were  observed,  and,  while  the  first 
was  found  to  be  inadequate  in  terms  of  duration 
and  quality,  the  second  was  considered  to  be  nor- 
mal. Postflight  examination  of  the  recorded  EEG 
showed  no  pathological  changes  or  definite  altera- 
tions attributable  to  weightlessness.  The  limited 
nature  of  this  recording  precluded  an  adequate 
analysis  of  sleep  characteristics  during  long-term 
space  flight;  consequently,  the  purpose  of  the 
Skylab  M133  sleep  monitoring  experiment  was 
to  obtain  the  first  truly  objective  evaluation  of 
man’s  ability  to  sleep  during  extended  space  travel. 

Methods 

The  complete  sleep-analysis  system  designed 
for  this  experiment  included  data-acquisition 
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hardware,  onboard  analysis  components,  and  a 
capability  for  real-time  telemetry. 

Onboard  equipment  accomplished  automatic 
analysis  of  the  EEG,  electro-oculogram  (EOG), 
and  head-motion  signals.  The  system’s  output, 
consisting  of  sleep-stage  information,  was  tele- 
metered in  near-real  time  to  Mission  Control, 
where  a profile  of  sleep  state  versus  time  was  ac- 
cumulated. The  analog  signals  (EEG,  EOG,  and 
head  motion)  were  also  preserved  by  onboard 
magnetic-tape  recorders,  thus  allowing  a more 
detailed  postflight  analysis.  A description  of  the 
methodology  and  the  hardware  for  this  experi- 
ment is  described  in  appendix  A.I.k  and  in  refer- 
ences 6 through  10. 

Experimental  Design. — One  crewmember  par- 
ticipated in  the  sleep  monitoring  activities  during 
each  Skylab  flight.  Baseline  data  were  obtained 
on  the  participating  subjects  before  flight  during 
three  consecutive  nights  of  sleep  monitoring,  us- 
ing portable  apparatus  functionally  identical  to 
the  onboard  hardware.  The  astronaut  studied 
during  the  28-day  mission  was  recorded  in  his 
own  home  2 months  prior  to  launch,  while  the 
subjects  of  the  59-  and  84-day  missions  were 
monitored  in  the  preflight  quarantine  facility  2 
weeks  before  their  respective  launches.  In  addi- 
tion, a standard  clinical  electroencephalogram 
was  performed  on  each  subiect  prior  to  the  flight 
to  permit  precise  electroencephalographic  ampli- 
tude determinations  for  calibration  of  the  flight 
hardware. 

Monitoring  during  flight  was  accomplished 
during  12  selected  nights  of  the  28-day  mission 
(nights  5,  6,  7,  10,  11,  15,  17,  19,  21,  24,  25,  and 
26),  during  20  nights  of  the  59-day  mission 
(nights  7,  8,  9.  12,  15, 18,  21,  24,  27,  29, 33,  36,  39, 
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42,  45,  48,  52,  55,  56,  and  57),  and  during  18 
nights  of  the  84-day  flight  (nights  3,  4, 10,  14,  19, 
24,  29,  34,  40,  45,  50,  55,  60,  72,  77,  80,  81,  and  82). 
Operational  factors  associated  with  the  activa- 
tion and  function  of  various  spacecraft  systems 
prevented  recordings  during  the  initial  period  of 
each  flight. 

Crew  bedtime  was  typically  at  2200  hours  c.s.t., 
and  the  scheduled  sleep  period  terminated  at  0600 
hours  c.s.t.,  although  occasional  deviations  from 
this  schedule  were  necessitated  by  work  require- 
ments not  associated  with  the  sleep  monitoring 
experiment.  During  the  last  week  of  the  28-  and 
59-day  missions,  sleep  schedules  were  adjusted 
forward  by  a total  of  4 hours;  i.e.,  typical  bed- 
time became  1800  hours  c.s.t.  An  adjustment  of 
2 hours  was  made  on  days  20  and  22  of  the  28-day 
mission,  and  there  was  a similar  change  of  2 
hours  on  days  51  and  53  of  the  59-day  mission. 
During  the  84-day  mission,  schedule  alterations 
were  made  during  the  last  3 days  only,  and  con- 
sequently only  1 day  (day  82)  of  sleep  monitor- 
ing was  affected.  On  this  day,  the  bedtime  was 
advanced  approximately  2 hours  (to  approxi- 
mately 2000  hours  c.s.t.),  and  the  subject  was 
permitted  a 10-hour  total  rest  time,  i.e.,  the  time 
of  awakening  remained  approximately  0600 
hours  c.s.t.  These  scheduled  alterations  were  ne- 
cessitated by  the  activities  associated  with  splash- 
down and  recovery  operations,  which  required 
early  awakening  on  the  final  day  of  the  mission. 

Upon  return  to  Earth,  postflight  baseline  stud- 
ies were  performed  on  each  sleep-monitoring  par- 
ticipant. After  the  28-day  mission,  recordings 
were  done  on  nights  4,  6,  8,  and  in  the  case  of  the 
59-day  mission,  on  the  second,  fourth,  and  sixth 
nights  following  splashdown.  Following  the  84- 
day  flight,  recordings  were  made  on  the  first,  sec- 
ond, and  fifth  nights. 

Results. — ^The  final  results,  presented  in  tables 
13-1,  13-11,  and  13-III,  and  discussed  below,  rep- 
resent the  best  available  estimates  of  the  various 
sleep  parameters.  The  results  are,  when  possible, 
those  obtained  by  visual  analysis  (analysis  type 
V)  of  the  tape-recorded  EEG,  EOG  and  head- 
motion  signals,  since  this  method  is  considered 
the  most  reliable  and  the  least  influenced  by  var- 
ious artifactual  components  that  may  have  been 
present.  In  the  instances  where  this  was  not  pos- 
sible due  to  loss  of  recorded  data  on  several 


nights,  the  results  of  onboard  automatic  analysis 
have  been  utilized  after  application  of  certain  cor- 
rective factors  based  upon  past  performance  of 
the  system  (analysis  type  MA)  and,  in  the  case 
of  the  59-day  mission,  upon  correlation  of  the  re- 
sults during  flight  with  those  of  visual  analysis 
for  the  nights  on  which  both  types  of  information 
were  available  (analysis  type  MCA). 

Sleep  Latency. — The  amount  of  elapsed  time 
from  the  actual  onset  of  the  rest  period  until  the 
first  appearance  of  stage  2 sleep  is  defined  as  sleep 
latency.  Sleep-latency  characteristics  observed 
during  the  three  Skylab  missions  are  summarized 
in  tables  13-1, 13-11,  and  13-III.  Average  in-flight, 
preflight,  and  postflight  figures  for  this  para- 
meter are  indicated  in  the  tables.  Sleep  latency 
varied  considerably  during  the  28-day  mission 
(table  13-1),  ranging  from  a low  value  of  3.6 
minutes  on  day  21  to  a maximum  of  45  minutes 
on  day  10.  Day  19  was,  however,  the  only  in- 
stance in  which  the  latency  exceeded  the  preflight 
values,  and  the  average  value  of  18  minutes,  in 
the  flight  phase,  actually  represents  a decrease  of 
20  minutes  as  compared  to  the  preflight  average 
of  37.8  minutes.  Postflight  values  were  all  rela- 
tively low  but  well  within  the  in-flight  range. 
Statistically,  the  in-flight  and  postflight  latencies 
were  less  than  the  preflight  values  (P<0.01). 

No  statistically  significant  changes  in  sleep 
latency  were  noted  during  the  59-day  mission 
(table  13-11)  although  on  several  days  the  values 
were  somewhat  above  the  preflight  average  of  12 
minutes.  This  parameter  ranged  from  a low  of 
4 minutes  on  day  21  to  a maximum  of  24  minutes 
on  day  45.  A cyclic  fluctuation  of  sleep  latency 
was  suggested,  with  maxima  near  days  10,  29,  45, 
and  52.  The  average  value  (12.6  minutes)  for  the 
flight  phase,  however,  was  almost  exactly  the 
same  as  the  preflight  value.  The  postflight  la- 
tencies, averaging  9.6  minutes,  were  only  slightly 
less  than  either  the  preflight  or  in-flight  measure- 
ments. 

Sleep  latency  during  the  84-day  mission  aver- 
aged almost  the  same  in-flight  (15.6  minutes) 
as  preflight  (16.2  minutes)  but  dropped  to  an 
average  of  7.8  minutes  postflight  (table  13-III). 
Although  the  averages  do  not  reflect  a significant 
change,  a preponderance  of  longer  latencies  oc- 
curred in  the  first  half  of  the  mission  with  a de- 
cline as  the  flight  progressed.  The  average  value 
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Table  13-1. — Data  From  AlFNight  Steep  Profiles:  28-Day  Mission 


Prefiight 

Avg. 

In-flight 

Avg. 

Postflight 

Avg. 

Mission  Day 

-60 

-59 

-58 

5 

6 

10 

15 

17 

19 

21 

24 

26 

+3 

+ 5 

+7 

Analysis  Type 

VI 

V 

V 

V 

V 

MA3 

MA 

MA 

MA 

MA 

MA 

MA 

V 

V 

V 

Total  Rest  Time  (h) 

7.3 

7.3 

8.7 

7.8 

6.6 

6.3 

7.7 

7.4 

5.6 

7.7 

6.5 

8.0 

6.0 

6.86 

9.3 

9.0 

8.5 

8.9 

Total  Sleep  Time  (h) 

6.5 

6.5 

7.7 

6.9 

6.1 

5.4 

5.3 

7.0 

5.2 

6.6 

6.2 

7.2 

5.4 

6.04 

9.0 

8.5 

8-0 

8.5 

Total  Awake  Time  (h) 

0.74 

0.81 

0.96 

0.84 

0.31 

0.85 

2.43 

0.45 

0.47 

0.81 

0.25 

0.67 

0.26 

0.72 

0.26 

0.45 

0.44 

0.38 

Sleep  Latency  (min) 

0.46 

0.70 

0.73 

0.63 

0.35 

0.33 

0.28 

0.35 

0.18 

0.76 

0.06 

0.10 

0.30 

0.30 

0.17 

0.24 

0.16 

0.19 

Stag:e  1 (percent) 

7.4 

4.3 

4.2 

5.3 

6.8 

9.5 

9.8 

8.3 

7.7 

1.1 

5.4 

4.4 

0.6 

5.95 

4.0 

6.5 

4.8 

5.1 

Stage  2 (percent) 

60.3 

49.6 

54.5 

54.8 

60.2 

56.4 

43.4 

56.4 

26.7 

50.9 

43.8 

28.9 

24.0 

43.4 

58.5 

53.8 

57.4 

56.6 

stages  (percent) 

12.8 

17.9 

13.8 

14.8 

18.3 

14.6 

10.0 

12.6 

8.8 

13.1 

11.2 

28.0 

27.8 

16.0 

11.8 

11.1 

13.7 

12.2 

Stage  4 (percent) 

2.9 

3.4 

2.4 

2.9 

4.6 

0.8 

12.6 

17.1 

14.9 

14.5 

16.5 

27.7 

41.6 

16.7 

1.0 

1.0 

1.3 

1.1 

Stage  Rem  (percent) 

16.6 

24.8 

25.1 

22.2 

10.1 

18.6 

24.1 

5.5 

41.9 

20.4 

23.2 

11.0 

5.9 

17.9 

24.7 

27.5 

22.8 

25.0 

Rem  Latency 

1.24 

1.24 

1.91 

1.46 

2.31 

1.66 

1.98 

0.93 

1.18 

1.11 

1.07 

No.  of  Awakenings 

19 

16 

24 

19.7 

10 

14 

12 

20 

20 

26 

22 

^ V,  visual  analysis  of  return  tape  data. 
*MA,  Modified  automatic  analysis. 


Table  13-IL — Data  From  All-Night  Sleep  Profiles:  59-Day  Mission 


Prefiight 

Avg. 

In-flight 

Mission  Day 

-16 

-Id 

-13 

7 

8 

9 

12 

16 

18 

21 

2d 

27 

29 

33 

Analysis  Type 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

Total  Rest  Time  (h) 

7.7 

8.d 

6.5 

7.5 

6.90  6.59 

8.23 

7.1d 

7.32 

7.05 

6.95 

7.27 

7.87 

8.90 

7.19 

Total  Sleep  Time  (h) 

6.d 

7.6 

5.2 

6.d 

5.95  6.08 

6.9d 

6.2d 

6.86 

5.75 

5.d7 

6.50 

7.03 

6.96 

6.d6 

Total  Awake  Time  (h) 

l.S 

0.8 

1.3 

1.1 

0.95  0.51 

1.28 

0.90 

0.d6 

1.30 

l.d9 

0.77 

0.87 

1.9d 

0.73 

Sleep  Latency  (min) 

0.3 

0.09 

0.2 

0.2 

0.21  0.2d 

0.32 

0.32 

0.13 

0.15 

0.06 

0.15 

0.26 

0.36 

0.19 

Stage  1 (percent) 

8.3 

7.6 

10.6 

8.8 

7.5 

5.9 

11.2 

10.6 

8.7 

11.9  11.6 

9.6 

11.3 

13.5 

d.3 

Stage  2 (percent) 

57.3 

58.3 

53.3 

56.3 

59.5 

57.d 

63.2 

60.d 

60.7 

57.8  d9.2 

62.d 

63.6 

56.6  60.8 

stages  (percent) 

18.0 

16.d 

17.7 

17.d 

19.1 

13.5 

13.8 

17.2 

18.6 

15.8  2d.6 

13.9 

15.1 

20.0  ; 

19.1 

Staged  (percent) 

3.1 

d.9 

0.3 

2.8 

1.8 

1.9 

0.8 

1.6 

1.6 

1.0 

3.1 

1.3 

0.8 

1.3 

1.1 

Stage  Rem  (percent) 

13.2 

12.7 

18.2 

ld.7 

12.1 

21.3 

11.0 

10.2 

10.7 

13.d  11.5 

13.0 

9.2 

8.6  ; 

Ld.7 

Rem  Latency 

1.6 

2.2 

1.8 

1.87 

1.5 

1.8 

2.3 

2.6 

2.2 

2.1 

1.6 

2.2 

2.3 

2.9 

1.6 

No.  of  Awakenings 

37 

51 

3d 

dO.7 

39 

32 

70 

52 

62 

d3 

21 

51 

dd 

25 

8 

In-flight 

Avg. 

Postflight 

Avg. 

Mission  Day 

36 

39 

d2 

d5 

d8 

52 

55 

56 

67 

+ 1 

+ 3 

+ 5 

M 

M 

M M 

M 

M 

M 

M 

Analysis  Type 

V 

C® 

C 

C 

C 

C 

C 

C 

C 

V 

V 

V 

A 

A 

A 

A 

A 

A 

A 

A 

Total  Rest  Time  (h) 

7.38 

7.21 

7.23 

7.55 

7.68 

6.82 

6.78 

7.32 

6.61 

7.32 

7.09 

8.dd 

7.77 

Total  Sleep  Time  (h) 

6.99 

6.16 

6.d7 

6.1d 

5.0d 

6.d8 

6.dd 

6.31 

5.77 

7.36 

6.58 

Total  Awake  Time  (h) 

0.38 

1.07 

1.08 

1.5d 

1.78 

0.8d 

0.17 

1.00 

1.32 

1.06 

1.19 

Sleep  Latency  (min) 

0.12 

O.ld 

0.37 

0.12 

0.36 

0.10 

0.16 

0.17 

0.21 

0.08 

0.15 

0.2d 

0.16 

Stage  1 (percent) 

5.0 

7.6 

9.d  10.6 

7.3 

6.d 

8.8 

8.9 

lO.d 

9.9 

10.2 

Stage  2 (percent) 

59.1 

61.0 

60.6  59.6 

60.9 

61.0 

60.1 

59.7 

57.1 

58.d 

57.8 

stages  (percent) 

19.d 

16.d 

17.9  16.2 

16.6 

17.d 

21.1 

17.5 

12.0 

8.2 

10.1 

Staged  (percent) 

l.d 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

l.d 

O.d 

O.d 

O.d 

Stage  Rem  (percent) 

15.1 

11.8 

13.2 

10.8 

8.5 

10.1 

12.1 

20.1 

23.0 

21.6 

Rem  Latency 

1.6 

2.0 

2.05 

0.8 

1.1 

0.7 

0.87 

No.  of  Awakenings 

25 

39.3 

26 

31 

28.5 

^ V,  visual  analysis  of  return  tape  data. 

®MCA,  Modified  automatic  analysis  further  enhanced  by  correlation  and  regrression  analysis. 
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BIOMEDICAL  RESULTS  FROM  SKYLAB 


Table  13-III. — Data  From  All-Night  Sleep  Profiles:  8A-Day  Mission 


Preflight  Avg. 

In-flight 

Mission  Day 

-13 

-12 

-11 

3 

4 10 

14 

19 

24 

29 

34 

40 

45 

Analysis  Type 

V 

V 

V 

V V 

V 

V 

V 

V 

V 

V 

V 

Total  Rest  Time  (h) 

7.43 

8.11 

8.64 

8.06 

6.51 

6.82  6.40  7.30 

7.28 

9.78  6.92 

8.33 

7.67 

6.49 

Total  Sleep  Time  (h) 

6.59 

7,43 

7.85 

7.29 

5.90 

4.88  6.00  6.65 

5.93 

9.37  6.26 

6.83 

7.49 

6.16 

Total  Awake  Time  (h) 

0.84 

0.68 

0.78 

0.77 

0.61 

1.94  0.39  0.65 

1.35 

0.40  0.66 

1.50 

0.18 

0.33 

Sleep  Latency  (min) 

0.16 

0.55 

0.10 

0.27 

0.26 

0.82  0.33  0.53 

0.26 

0.18  0.59 

0.20 

0.04 

0.24 

Stage  1 (percent) 

10.6 

7.8 

8.2 

8.9 

4.9  13.3  5.7 

8.6 

6.4 

6.8 

10.4 

8.8 

4.0 

4.9 

Stage  2 (percent) 

59.5 

54.1 

62.0  58.5 

57.3  50.2  58.4 

61.4 

50.8 

56.1 

54.3 

50.9 

65.5 

65.0 

Stage  3 (percent) 

3.7 

11.7 

5.9 

7.1 

13.0  10.6  6.4 

10.3 

12.2 

5.4 

12.2 

13.5 

4.6 

7.6 

Stage  4 (percent) 

0.0 

0.4 

0.1 

0.2 

1.2 

0.5  0.2 

0.6 

1.3 

0.1 

1.6 

1.5 

0.1 

0.4 

Stage  Rem  (percent) 

26.2 

26.0 

23.8  25.3 

23.6  25.4  29.3 

19.2 

29.4 

31.6 

21.4 

25.2 

25.7 

22.1 

Rem  Latency 

0.96 

2.45 

1.01 

1.47 

1.24 

0.12  0.79  0.95 

1.15 

1.03  1.19 

2.22 

1.11 

1.08 

No.  of  Awakenings 

20 

21 

21  20.7 

10 

8 15 

15 

13 

20 

12 

16 

14 

6 

In-flight 

Avg. 

Postflight 

Avg. 

Mission  Day 

50 

55 

60 

72 

77 

80 

81 

82 

+ 0 

+ 1 

+ 5 

Analysis  Type 

V 

V 

V 

\ 

T 

V 

V 

V 

V 

V 

V 

V 

Total  Rest  Time  (h) 

8.65 

6.73 

6.69 

8.60 

7.32 

7.21 

9.82 

7.56 

8.67 

6.25 

8.09 

7.67 

Total  Sleep  Time  (h) 

8.39 

6.43 

6.29 

7.38 

5.43 

5.58 

8.80 

6.69 

7.69 

4.50 

7.40 

6.53 

Total  Awake  Time  (h) 

0.26 

0.31 

0.39 

1.22 

1.90 

1.64 

1.01 

0.87 

0.98 

0.78 

0.69 

0.82 

Sleep  Latency  (min) 

0.08 

0.14 

0.19 

0.09 

0.27 

0.11 

0.22 

0.12 

0.26 

0.04 

0.13 

0.23 

0.13 

Stage  1 (percent) 

5.3 

4.6 

5.0 

3.4 

6.9 

7.8 

6.2 

6.76 

14.2 

7.0 

7.0 

9.4 

Stage  2 (percent) 

53.8 

61.6 

66.8 

61.8 

60.7  58.0  62.5  i 

58.5 

71.5 

71.1 

55.8 

66.1 

Stage  3 (percent) 

9.2 

9.5 

3.6 

3.3 

11.0 

7.3  10.0 

8.8 

2.2 

3.3 

2.5 

2.7 

Stage  4 (percent) 

0.2 

0.5 

0.04 

0.0 

0.5 

0.1 

0.3 

0.5 

0.0 

0.1 

0.04 

0.05 

Stage  Rem  (percent) 

31.6 

23.8 

24.5 

29.5 

20.9  26.8  20.9  25.3 

12.1 

18.6 

3.46 

2.18 

Rem  Latency 

1.49 

0.84 

2.55 

1.23 

1.13 

1.17 

1.01 

3.34 

1.31 

2.68 

0.79 

0.90 

1.46 

No.  of  Awakenings 

22 

6 

6 

8 

12 

11 

10 

12 

21 

11 

24 

18.7 

^ V,  Visual  analysis  of  return  tape  data. 


for  the  first  half  (days  3 through  40)  was  21.4 
minutes,  while  that  for  the  latter  half  (days  45 
through  82)  was  9.7  minutes,  a statistically  sig- 
nificant difference  (P<0.05). 

In  general,  then,  there  was  no  evidence  of  dif- 
ficulty in  falling  asleep  in  either  the  28-  or  59-day 
mission,  while  in  the  84-day  mission,  values  some- 
what above  baseline  were  seen  in  the  first  half  of 
the  mission  but  declined  to  nonnal  or  below  nor- 
mal in  the  final  portion. 

Total  Sleep  Time. — A commonly  used  measure 
of  sleep  adequacy  is  the  total  sleep  time  obtained 
in  a given  sleep  period,  i.e.,  total  rest-period  time 
minus  total  time  spent  awake.  It  is  apparent  that 
in  the  28-day  mission,  there  was  a reduction  in 
total  sleep  time  throughout  the  flight  phase  pe- 
riod as  compared  to  the  preflight  and  postflight 
studies.  Postflight,  total  sleep  time  was  signifi- 
cantly greater  than  the  preflight  and  in-flight 
values  (P<0.05  and  0.01,  respectively).  As  indi- 


cated in  table  13-1,  the  in-flight  average  of  6.0 
hours  is  almost  1 hour  less  than  the  preflight 
value  of  6.9  hours  and  more  than  2 hours  less 
than  the  postflight  average  (8.5  hours).  This  de- 
crease in  sleep  time,  however,  was  due  not  to  an 
unusual  amount  of  time  spent  in  the  awake  state 
but  instead  to  a reduction  in  the  total  rest-period 
time  itself.  The  subject  thus  slept  quite  well  on 
most  nights  while  he  was  in  bed ; however,  he  did 
not  spend  as  much  time  in  bed  as  he  did  during 
studies  either  before  or  after  the  mission. 

The  postflight  average  value  for  total  rest- 
period  time  (8.9  hours)  was  significantly  higher 
than  the  in-flight  average  (P<0.01)  but  did  not 
differ  significantly  from  the  preflight  value. 

No  significant  changes  in  the  total  sleep/total 
rest  cliaracteristics  were  obtained  during  the  59- 
day  mission.  The  total  rest  time,  which  averaged 
7.3  hours  in-flight  (table  13-11),  was  only  slightly 
lower  than  either  the  preflight  average  of  7.5 
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hours  or  the  postflight  values  of  7.8  hours.  In 
terms  of  total  sleep  time,  although  there  was  con- 
siderable fluctuation,  only  1 day  (52)  was  below 
the  range  established  during  the  preflight  series, 
and  the  subject  obtained  in  excess  of  5 hours’ 
sleep  on  all  other  nights.  The  in-flight  average 
value  of  6.3  hours  (table  13-11)  is  nearly  the 
same  as  the  preflight  average  (6.4  hours)  and 
slightly  lower  than  the  postflight  results  (aver- 
age, 6.6  hours). 

A wide  range  of  variation  in  the  total  rest  and 
total  sleep  times  was  seen  during  the  84-day  mis- 
sion. Total  rest  time  ranged  from  a minimum  of 
6.4  hours  on  day  10  to  a maximum  of  9.8  hours 
on  days  24  and  82.  This  parameter  averaged  8.06 
hours  preflight,  dropped  by  30  minutes  to  7.56 
hours  in-flight,  and  then  rose  to  7.67  hours  post- 
flight; but  these  variations  were  not  statistically 
significant.  Although  most  of  the  in-flight  period 
was  marked  by  considerable  variation  from  one 
recording  session  to  the  next,  there  was  a con- 
sistently lowered  total  rest  time  during  the  obser- 
vations of  the  first  19  days.  The  five  values  of 
this  period  averaged  6.86  hours,  or  1.2  hours 
below  the  preflight  average. 

Total  sleep  time  tended  to  parallel  total  rest 
time,  and  thus  long  periods  of  time  spent  awake 
during  the  night  were,  in  this  mission  as  in  the 
others,  rare.  Sleep  time  ranged  from  a low  of  4.88 
hours  on  day  4 to  a high  of  9.37  hours  on  day  24. 
The  in-flight  average  value  of  6.69  hours  is  about 
36  minutes  below  the  preflight  average  of  7.29 
hours,  but  it  is  approximately  10  minutes  higher 
than  the  postflight  result  of  6.53  hours.  As  in  the 
case  of  total  rest  time,  although  the  overall  aver- 
ages were  not  significantly  altered,  total  sleep 
time  was  considerably  lower  during  the  first  19- 
day  period.  During  this  time,  the  average  value 
was  5.87  hours,  or  1.42  hours  below  the  preflight 
average. 

It  is  of  interest  that,  while  the  initial  19-day 
period  was  characterized  by  a reduced  time  in  bed 
and  correspondingly  reduced  total  rest  time,  it 
was  also  marked  by  a higher  value  for  total 
awake  time  (0.99  hours  average)  compared  to 
either  the  preflight  average  (0.77  hours)  or  the 
overall  in-flight  average  (0.87  hours). 

Sleep-Stage  Characteristics. — Sleep-stage  char- 
acteristics for  the  three  missions  are  expressed 
as  percentages  of  the  total  sleep  time  for  each 


recording  night.  Average  percent  figures  for  the 
various  stages  in  the  preflight,  in-flight,  and  post- 
flight periods  are  listed  in  tables  13-1,  13-11,  and 
13-III. 

If  the  average  values  are  considered,  stages  1, 
2,  3,  and  REM  were  not  significantly  altered  dur- 
ing the  in-flight  period  of  the  28-day  mission. 
Stage  1 occupied  5.3  percent  of  the  total  sleep 
time  preflight  and  averaged  6.0  percent  in-flight 
and  5.1  percent  postflight.  The  day-to-day  in- 
flight characteristics  show  a considerable  fluctua- 
tion in  stage  1 percent,  with  a tendency  toward 
slightly  decreased  values  in  the  latter  portions 
of  the  flight  (days  19  through  26). 

Stage  3,  averaging  14.8  percent  in  the  preflight 
period,  rose  slightly  to  an  average  of  16.0  percent 
in-flight  and  dropped  to  12.2  percent  postflight. 
The  small  increase  in  the  stage  3 percent  average 
was  largely  a result  of  moderate  increases  in  this 
stage  on  days  24  and  26  at  the  end  of  the  mission. 
Stage  REM  decreased  only  slightly  from  a 22.2 
percent  preflight  average  to  17.9  percent  in-flight, 
although  again  there  was  considerable  variation 
throughout  the  flight,  with  some  tendency  toward 
a more  marked  decrease  near  the  end  of  the  mis- 
sion. The  postflight  stage  REM  average  (25.0 
percent)  was  somewhat  higher  than  either  the 
preflight  or  in-flight  values,  but  it  did  not  attain 
statistical  significance. 

Fairly  clear-cut  changes  were  seen  in  stage  2 
and  stage  4 percentages.  In  both  cases,  the  most 
obvious  alterations  were  seen  in  the  last  days  of 
the  flight.  Stage  2 dropped  from  an  average  of 
54.8  percent  preflight  to  43.4  percent  in-flight, 
returning  to  56.6  percent  postflight.  These  dif- 
ferences, however,  were  not  statistically  signifi- 
cant. Similarly,  stage  4 rose  from  2.9  percent 
preflight  to  16.7  percent  in-flight,  then  dropped 
significantly  (P<0.05)  postflight  to  1.1  percent. 

Thus,  the  28-day  mission  was  characterized  by 
increased  percentages  of  stages  3 and  4 and  cor- 
responding decreases  of  stages  REM,  1,  and  2, 
with  the  alterations  confined  primarily  to  the  last 
few  days  of  the  flight. 

Average  values  of  sleep-stage  features  for  the 
59-day  mission  are  tabulated  in  table  13-11.  Stage 
1,  averaging  8.8  percent  preflight,  showed  con- 
siderable variation  in-flight  but  averaged  almost 
the  same  (8.9  percent).  The  postflight  average 
value  of  10.2  percent  was  only  slightly  above  the 
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in-flight  result.  Stage  2 remained  fairly  consistent 
throughout  (preflight,  56.3  percent;  in-flight,  59.7 
percent;  postflight,  57.8  percent),  although  there 
was  a decrease  during  the  final  days  of  the  flight 
(days  56  and  57) . Thus,  neither  stage  1 nor  stage 

2 changed  significantly.  Stage  3 was  similar  in- 
flight (17.5  percent)  and  preflight  (17.4  percent) 
and  also  exhibited  a change  near  the  termination 
of  the  flight,  tending  to  increase  slightly.  The 
postflight  average  of  10.1  percent,  however,  was 
significantly  lower  (P<0.01)  than  either  the  pre- 
flight or  in-flight  values.  This  subject  showed 
very  little  stage  4 sleep  in  his  preflight  study  (2.8 
percent),  and  this  parameter  decreased  signifi- 
cantly (P<0.05)  in-flight  (1.4  percent)  and 
postflight  (0.4  percent)  (P<0.05).  Stage  REM 
showed  the  greatest  alteration,  dropping  from 
14.7  percent  during  the  preflight  baseline  series 
to  12.1  percent  in-flight  and  then  rising  signifi- 
cantly (P<0.01)  to  21.6  percent  postflight.  This 
postflight  increase  in  REM  was  also  significantly 
greater  than  the  preflight  value  (P<0.05).  The 
REM  decrease  seen  in-flight  was  most  prominent 
in  the  final  phase  of  the  study  (days  52,  56,  and 
57). 

Average  values  of  sleep-stage  characteristics 
for  the  84-day  flight  are  tabulated  in  table  13- 
III.  Stage  1,  averaging  8.9  percent  preflight, 
dropped  in-flight  to  6.8  percent,  then  rose  post- 
flight to  9.4  percent,  a value  slightly  higher  than 
the  preflight  average.  There  were  no  clear-cut 
trends  discernible  over  the  in-flight  course  of  the 
mission.  The  stage  2 values  were  relatively  con- 
sistent during  the  in-flight  period,  and  the  aver- 
age value  of  58.5  percent  was  identical  to  the 
preflight  average.  Postflight  stage  2 showed  a 
small  increase,  averaging  66.1  percent  for  the 

3 days.  The  first  two  postflight  days  were  sig- 
nificantly higher  than  any  of  the  preflight  or  in- 
flight values.  Stage  3 was  not  significantly 
different  in-flight  (8.8  percent)  as  compared  to 
the  preflight  value  (7.1  percent).  Postflight,  how- 
ever, this  parameter  fell  to  an  average  of  2.7 
percent  with  all  three  values  falling  well  below 
the  preflight  and  in-flight  averages  (P<0.01). 
This  subject  showed  very  little  stage  4 preflight, 
averaging  only  0.2  percent,  and  maintained  a low 
level  throughout  the  flight,  with  the  in-flight  aver- 
age at  0.5  percent.  There  was  a further  reduction 
postflight,  with  the  average  value  less  than  0.1 


percent.  Stage  REM  percent  averaged  25.3  per- 
cent preflight,  and  the  in-flight  average  remained 
at  25.3  percent.  There  was  considerable  varia- 
tion in  this  parameter  over  the  course  of  the  mis- 
sion, however,  but  no  definite  trends  were  ob- 
served. Although  the  postflight  average  of  21.8 
percent  was  slightly  lower  than  either  the  pre- 
flight or  in-flight  average  value,  it  is  obvious  that 
this  parameter  was  not  stable  in  the  postflight 
period.  The  value  of  12.1  percent  on  the  first  post- 
flight night  is  substantially  lower  than  any  of  the 
preflight  or  in-flight  values  for  this  characteris- 
tic. On  the  other  hand,  the  value  of  34.6  percent 
seen  on  the  sixth  postflight  night  is  considerably 
higher  than  any  of  the  values  seen  preflight  or 
in-flight. 

REM  Latency. — REM  latency  is  defined  as  the 
elapsed  time  from  sleep  onset,  i.e.,  the  first  ap- 
pearance of  stage  2 sleep  until  the  onset  of  the 
first  stage  REM  period  of  the  night.  Because  of 
the  relative  unreliability  of  this  measurement 
when  derived  from  the  results  of  ^.utomatic  analy- 
sis, only  the  values  obtained  from  visual  analysis 
have  been  reported  below.  Compared  to  preflight 
values,  this  measure  was  shortened  during  the 
postflight  period  of  the  28-  and  59-day  missions. 
During  the  28-day  mission,  the  REM  latency 
averaged  1.5  hours  preflight  and  1.1  hours  post- 
flight, or  a decrease  of  24  minutes.  Although  sub- 
stantial, this  decrease  was  not  statistically 
significant.  The  phenomenon  was  more  apparent 
during  the  59-day  mission.  In  the  preflight  base- 
line period,  the  values  ranged  from  1.6  to  2.2 
hours,  with  an  average  latency  of  1.9  hours.  The 
in-flight  values  showed  considerable  fluctuation, 
but  the  average  of  2.1  hours  was  not  significantly 
different  compared  to  the  preflight  results.  In  the 
postflight  period,  however,  the  latency  dropped 
to  0.9  hours,  which  represented  a decrease  of  1 
hour  below  the  preflight  findings.  This  postflight 
REM  latency  was  significantly  (P<0.01)  less 
than  both  preflight  and  in-flight  values. 

REM  latencies  during  the  84-day  mission 
showed  little  change  in  the  in-flight  period  com- 
pared to  either  preflight  or  postflight  studies. 
The  in-flight  average  value  of  1.31  hours  is  not 
significantly  different  from  the  1.47  hours  figure 
seen  preflight,  while  the  value  of  1.46  hours  seen 
postflight  is  almost  identical  to  the  preflight  re- 
sult. It  is  worthy  of  note  that  the  first  postflight 
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night  exhibited  a relatively  long  REM  latency, 
while  the  second  and  third  postflight  nights  were 
marked  by  much  shorter  periods. 

Number  of  Awakenings. — The  number  of  awak- 
enings per  night  was  calculated  for  the  data  based 
upon  human  visual  analysis  only. 

The  28-day  flight  was  chai’acterized  in  the  pre- 
flight period  by  an  average  of  19.7  awakenings 
per  night,  with  a range  of  16  to  24.  Postflight, 
the  average  was  22,  with  a range  of  20  to  26.  Al- 
though only  2 in-flight  nights  are  available  for 
comparison,  in  both  instances  the  number  of 
awakenings  was  below  the  preflight  and  postflight 
levels. 

The  number  of  awakenings  during  the  preflight 
baseline  series  for  the  59-day  mission  ranged 
from  34  to  51,  with  an  average  of  40.7.  In-flight, 
a greater  range  was  seen,  extending  from  a low 
of  8 on  day  33  to  a high  of  70  on  day  9,  with 
an  average  of  39.3.  Postflight,  the  average  num- 
ber of  awakenings  dropped  to  28.5,  with  a range 
of  26  to  31.  The  number  of  arousals  seen  during 
the  in-flight  portion  of  this  mission  peaked  at 
day  9 and  showed  a tendency  to  decline  toward 
baseline  or  subbaseline  levels  as  the  flight  pro- 
gressed. 

In  the  84-day  mission,  the  number  of  awaken- 
ings declined  from  a preflight  average  of  20.7 
(20  to  21)  to  an  in-flight  average  value  of  12, 
with  a range  of  6 to  22  (P<0.01).  Postflight, 
the  level  rose  to  an  average  of  18.7,  with  a range 
of  11  to  24  (P<0.05).  Although  the  in-flight 
period  was  characterized  by  a good  deal  of  varia- 
tion in  this  measure,  there  was  no  consistent 
trend  noticeable. 

Subjective  Reports 

Although  subjective  reports  of  sleep  character- 
istics are  often  not  quantitatively  correct  when 
compared  to  the  results  of  objective  sleep  moni- 
toring studies  utilizing  EEG  and  EOG,  in  many 
instances  they  do  reflect  an  accurate  estimate  of 
the  overall  quality.  During  Skylab,  there  were 
numerous  references  to  sleep  made  by  the  crew- 
members in  their  conversations  with  Mission 
Control,  and  these  are  preserved  in  the  tran- 
scripts of  spacecraft-to-ground  communications. 
In  addition,  comments  concerning  sleep  were 
made  spontaneously  and  in  response  to  specific 
questions  during  the  postflight  debriefing  sessions 


held  after  each  mission.  During  the  59-  and  84- 
day  missions,  sleep  logs  were  kept  by  all  three 
crewmen,  in  which  they  recorded  their  estimates 
of  the  quantity  and  quality  of  each  night  of  sleep. 
Data  gathered  from  these  sources  are  summar- 
ized below  for  each  mission.  Although  the  M133 
Sleep  Monitoring  experiment  was  perfonned  by 
the  Scientist  Pilot  only,  subjective  observations 
made  by  all  three  crewmen  are  included. 

28-Day  Mission. — Subjective  sleep  logs  were 
not  maintained  during  this  mission  as  they  were 
during  the  59-  and  84-day  flights.  In  general,  the 
crewmembers  felt  that  sleep  was  adequate,  and 
no  particular  problems  of  a long-term  nature 
were  reported.  All  three  astronauts  felt  that  they 
slept  less  in-flight  than  they  had  been  accustomed 
to  on  the  ground,  but  they  did  not  feel  that  the 
reduction  in  time  was  detrimental.  In  fact,  they 
did  not  feel  that  they  required  more  sleep  than 
they  actually  obtained.  The  extra  time  was  uti- 
lized for  reading  or  other  personal  recreation, 
and  the  8-hour  total  rest  period  was  felt  to  be 
beneficial  even  though  not  always  used  for  sleep. 

The  function  of  the  sleep-restraint  system  was 
considered  to  be  satisfactory,  and  according  to 
the  Commander  it  was  a significant  improvement 
over  the  methods  utilized  in  prior  spacecraft. 

The  occasional  periods  of  elevated  temperature 
present  in  Skylab  were  considered  to  have  inter- 
fered with  sleep  to  some  extent,  and  the  sporadic 
noise  generated  by  certain  equipment  on  board 
occasionally  resulted  in  brief  arousals  from  sleep. 

The  M133  system  caused  no  particular  prob- 
lems, although  the  Scientist  Pilot  felt  that  the  re- 
cording cap  resulted  in  some  mild  discomfort, 
and  this  may  have  occasionally  influenced  sleep 
characteristics. 

59-Day  Mission. — The  crewmen  were  satisfied 
with  the  functioning  of  the  sleep-restraint  sys- 
tem and  felt  that  it,  in  some  respects,  simulated 
the  pressure  sensations  of  one-g.  In  general,  they 
felt  that  sleep  was  better  when  the  Skylab  tem- 
perature was  cooler.  There  were  complaints  about 
the  lack  of  soundproofing  and  lightproofing  in 
the  individual  sleep  compartments:  sleep  was 
difficult  if  one  crewman  was  active  while  the 
others  attempted  to  sleep. 

The  Scientist  Pilot  commented  on  how  pleasant 
it  was  to  sleep  in  space,  and  he  felt  that  he  was 
receiving  approximately  the  same  amount  of  sleep 
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as  he  was  accustomed  to  on  the  ground.  He  also 
commented  that  on  the  few  nights  when  he  did 
not  sleep  well,  or  long  enough,  the  lack  of  sleep 
seemed  to  affect  him  more  the  next  day  than  a 
comparable  sleep  loss  would  have  on  the  ground. 
A similar  comment  was  made  by  the  Commander, 
who  noted  that  on  the  ground  he  might  miss  con- 
siderable sleep  during  the  week  and  yet  make  it 
up  on  the  weekends  without  its  affecting  his  per- 
formance, but  in  space  it  seemed  to  affect  him 
immediately  the  next  day. 

All  crewmen,  in  general,  felt  that  they  slept 
well.  Falling  asleep  was  not  a problem,  and  the 


Scientist  Pilot  commented  that  he  almost  en- 
joyed waking  up  because  he  then  had  the  pleasure 
of  returning  to  sleep.  The  Skylab  equipment 
noises  were  somewhat  bothersome  during  the 
first  few  nights  in  space. 

It  was  noted  that  the  M133  cap  was  more 
bothersome  in  the  postflight  period  due  to  the 
pressure  on  the  head.  The  Scientist  Pilot  felt  that 
he  lost  perhaps  an  hour  of  sleep  during  the  first 
postflight  study  due  to  the  discomfort. 

The  Scientist  Pilot  commented  that  he  rarely 
felt  as  tired  at  the  end  of  a day  in  space  as  he 
might  have  after  a comparable  day  on  Earth.  He 
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Figure  13—1. — Subjective  estimates  of  total  sleep  and  recorded  values  for  the  Scientist 

Pilot  of  the  59-day  mission. 
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went  to  bed  because  he  felt  that  he  needed  the 
sleep,  but  he  usually  had  the  impression  that  he 
could  easily  have  stayed  awake  longer.  The  Com- 
mander, however,  stated  that  he  did  feel  tired  at 
the  end  of  the  day,  and  he  had  not  noticed  a 
difference  in  this  aspect  peculiar  to  spaceflight.  A 
comparison  of  the  objective  (M133)  data  with  the 
Scientist  Pilot’s  estimates  is  illustrated  graphic- 
ally in  figure  13-1. 

8Ii>-Day  Mission. — The  three  crewmembers 
were  unanimous  in  their  opinions  that  sleep  qual- 
ity was  greatly  enhanced  by  the  sleeping  bag  re- 
straint systems.  Attempts  were  made  by  at  least 
two  of  the  astronauts  (Scientist  Pilot  and  Com- 
mander) to  sleep  without  restraints  on  several 
occasions  while  drifting  freely.  Although  they 
felt  that  they  did  sleep  to  some  extent  under  this 
condition,  sleep  was  intermittent  and  was  not 
considered  to  be  sound.  The  restraints  apparently 
produced  a sensation  somewhat  similar  to  grav- 
ity, and  this  contributed  to  the  ability  to  fall 
asleep  and  remain  asleep.  In  addition,  when  drift- 
ing freely  there  was  intermittent  contact  with 
various  objects  which  apparently  served  as 
arousal  stimuli. 

The  Scientist  Pilot  reported  no  difficulty  in 
operation  of  the  M133  system  and  expressed  the 
opinion  that  the  recording  cap  did  not  interfere 
with  his  sleep.  He  found  the  cap  more  comforta- 
ble in  zero-g  than  he  had  under  one-g  conditions. 
The  only  significant  problem  noted  with  respect 
to  the  M133  experiment  was  the  necessity  to 
clean  excess  electrolyte  gel  out  of  his  hair  each 
morning  following  use  of  the  cap,  a job  requiring 
approximately  5 minutes.  He  experienced  some 
difficulty  in  plugging  the  cap  umbilical  cable  back 
into  the  control  unit  when  it  was  necessary  to 
get  up  during  the  night. 

Occasional  and  intermittent  bouts  of  insomnia 
were  reported  by  all  three  astronauts,  especially 
during  the  first  28  days  of  the  mission.  The  crew- 
members attributed  this,  in  part,  to  unusually 
long  working  hours  (several  18-hour  workdays) 
in  the  early  days  of  the  mission,  with  insufficient 
time  in  the  presleep  period  to  relax  and  ‘'wind 
down.”  No  specific  problems  were  delineated,  and 
they  experienced  at  various  times  difficulty  in 
falling  asleep,  arousals  from  sleep,  with  a pro- 
longed time  necessary  to  return  to  sleep,  and 
early  awakenings.  The  Scientist  Pilot  apparently 


experienced  the  most  pronounced  difficulty,  pri- 
marily during  the  first  28  days;  then  he  began 
to  sleep  fairly  well,  with  only  sporadic  problems 
for  the  remainder  of  the  flight.  However,  he  felt 
strongly  that  the  problems  encountered  were 
“man  made,”  i.e.,  due  to  overscheduling  prob- 
lems, and  he  did  not  feel  that  the  zero-g  en- 
vironment per  se  was  a factor.  Dalmane  and 
promethazine/ephedrine  were  occasionally  uti- 
lized to  promote  sleep,  with  the  promethazine/ 
ephedrine  providing  the  best  subjective  response. 
A comparison  of  the  Scientist  Pilot’s  subjective 
estimates  of  sleep  and  the  recorded  data  is  pre- 
sented in  figure  13-2.  Also  shown  is  the  Scientist 
Pilot’s  subjective  estimate  of  the  amount  of 
“heavy  sleep”  during  each  sleep  period.  It  is  ap- 
parent that  in  almost  every  instance,  on  days 
when  M133  data  were  available,  the  subject’s 
estimates  of  total  sleep  time  corresponded  closely 
to  the  subjective  measure  of  total  time  in  bed.  In 
a few  instances,  e.g.,  days  72,  77,  80,  et  cetera., 
estimate  of  “heavy  sleep”  coincided  with  the  ob- 
jective measure  of  total  sleep  time,  but  in  most 
cases  there  was  no  correlation. 

Discussion 

Overview. — Sleep  Latency.  The  three  Skylab 
flights  differed  with  respect  to  sleep-latency  char- 
acteristics. No  significant  changes  in  this  param- 
eter were  noted  during  the  59-day  mission.  In 
the  28-day  mission,  the  in-flight  and  postflight 
latencies  were  significantly  lower  than  the  pre- 
flight values.  The  84-day  flight  was  characterized 
by  relatively  long  sleep  latencies  in  the  early  por- 
tion, with  the  return  to  values  typical  of  the  pre- 
flight and  postflight  periods  in  the  latter  half  of 
the  mission. 

The  alterations  seen  during  the  28-day  mission 
are  apparently  explainable,  at  least  in  part,  by  a 
difference  in  the  subject’s  routine  rather  than  by 
a direct  influence  of  the  environment.  This  indi- 
vidual typically  spent  a few  minutes  reading  in 
bed  prior  to  falling  asleep  during  preflight  studies 
in  his  own  home.  However,  he  did  not  continue 
this  practice  either  during  the  flight  or  in  the 
postflight  period. 

In  only  the  initial  portion  of  the  84-day  mis- 
sion was  a degradation  in  sleep  latency  seen. 
Even  in  this  case  the  magnitude  of  the  altera- 
tions seen  was  not  great,  and  on  only  two  nights 
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Figure  13—2. — Subjective  estimates  of  total  sleep  and  recorded  values  for  the  Scientist 

Pilot  of  the  84-day  mission. 


were  the  values  outside  the  range  seen  during  the 
preflight  studies.  In  addition,  it  is  significant 
that  these  alterations  occurred  in  the  early  por- 
tion of  the  study  and  thus  cannot  be  attributed 
to  the  longer  duration  of  this  mission.  Conse- 
quently, it  appears  reasonable  to  conclude  that 
space  flight  and  the  associated  weightless  condi- 
tion do  not  significantly  interfere  with  the  process 
of  falling  asleep,  although  in  some  individuals 
there  may  be  an  adaptive  period  during  which 
some  difficulty  is  experienced. 

Sleep  Time. — The  greatest  overall  change  in 
total  sleep  time  occurred  during  the  28-day  mis- 
sion, when  a decrease  of  approximately  1 hour 
was  seen  in-flight  compared  to  preflight.  As  indi- 
cated previously,  this  was  voluntary  reduction  in 
sleep  time  by  the  subject  himself  and  thus  can- 
not be  considered  as  insomnia.  The  subject  did 


not  complain  of  sleep  loss  and  apparently  was 
sleeping  as  much  as  he  actually  required.  No 
significant  changes  in  sleep  time  were  noted  dur- 
ing the  59-  or  84-day  missions.  If  the  initial 
portion  of  the  84-day  flight  is  considered  sepa- 
rately, however,  it  is  evident  that  the  subject 
experienced  some  difficulty  in  sleeping  during 
this  time.  Sleep  was  also  more  of  a problem  sub- 
jectively to  this  individual,  and  he  indicated  on 
several  occasions  that  his  sleep  was  not  adequate. 
Sleeping  medication  was  occasionally  used  by  the 
subject,  although  not  on  the  nights  which  were 
monitored. 

Of  the  three  subjects,  then,  only  the  one  studied 
during  the  84-day  flight  experienced  real  diffi- 
culty in  terms  of  sleep  time.  In  this  case,  the 
problem  diminished  with  time,  although  sleeping 
medication  was  used  sporadically  throughout  the 
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flight.  In  terms  of  any  possible  adverse  effect 
upon  performance  capability,  it  seems  that  only 
during  the  initial  period  of  the  84-day  mission 
would  this  have  been  likely  to  be  caused  by  sleep 
loss.  This  cannot  be  precisely  assessed  because  of 
the  long  sample  interval;  however,  even  general- 
izing the  worst  case  (4.0  hours  on  day  4),  a se- 
vere influence  upon  performance  would  not  be 
expected. 

Sleep-Stage  Characteristics. — Several  changes 
in  sleep-stage  characteristics  were  common  to  all 
three  flights.  Stage  3,  which  was  significantly  ele- 
vated during  the  in-flight  portion  of  the  28-day 
mission,  also  rose  in-flight  in  the  59-  and  84-day 
missions.  Postflight,  the  stage  3 and  stage  4 val- 
ues wei'e  below  the  preflight  average  in  all  three 
flights.  A consistent  elevation  of  stage  REM  was 
seen  in  the  late  postflight  period  of  all  flights  and 
was  accompanied  by  a shortening  of  REM  latency. 

Number  of  Awakenings. — Although  this  meas- 
ure was  highly  variable,  in  general  the  in-flight 
period  of  all  missions  was  characterized  by  no 
overall  increase  in  number  of  arousals,  and  in 
the  case  of  the  84-day  mission,  there  were  signifi- 
cantly fewer  awakenings. 

Significance  of  Results. — The  results  obtained 
during  the  three  Skylab  missions  suggest  that 
prolonged  space  flight,  with  its  accompanying 
weightless  state,  is  not  directly  associated  with 
major  adverse  changes  in  sleep  characteristics. 
The  alterations  in  sleep  patterns  that  were  ob- 
served were  not  of  sufficient  magnitude  to  result 
in  significant  degradation  of  performance  capa- 
bility. These  conclusions  were  somewhat  unsus- 
pected, since  previous  studies  of  confinement, 
social  isolation,  and  unusual  environments  involv- 
ing polar  explorers  (refs.  11,  12,  13,  14),  under- 
water habitats  (ref.  15),  long-duration  flight 
operations  (ref.  16),  and  astronauts  (ref.  17) 
have  all  reported  sleep  loss  and/or  disturbances 
of  sleep. 

Mechanisms. — It  had  been  suspected  that  the 
altered  sensory  input  to  the  central  nervous  sys- 
tem associated  with  weightlessness  might  inter- 
fere with  sleep  onset  and  result  in  prolongation 
of  sleep  latency  and  lead  to  long  periods  of  wake- 
fulness following  arousals  from  sleep.  The  Skylab 
results,  however,  show  that  in  none  of  the  mis- 
sions was  sleep  latency  a significant  problem 
over  the  course  of  the  flight,  and  in  only  one  case. 


that  of  the  84-day  flight,  was  it  even  a temporary 
difficulty.  Furthermore,  there  was  no  evidence 
of  consistently  increased  amounts  of  time  spent 
awake  during  the  night;  in  fact,  the  number  of 
awakenings  tended  to  decrease  in  the  flight  phase. 
The  results  indicate  that  during  space  flights  of 
long  duration,  it  is  possible  to  obtain  adequate 
amounts  of  sleep  during  regularly  scheduled 
8-hour  rest  periods. 

The  most  consistent  and  most  significant 
changes  were  actually  observed  in  the  postflight 
period  of  all  flights  and  pertained  to  sleep-stage 
characteristics.  Thus,  stages  3 and  4 tended  to 
be  decreased  in  the  postflight  period  as  compared 
to  both  preflight  and  in-flight  data,  while  stage 
REM  was  elevated  in  the  late  postflight  period 
(after  day  3 following  recovery)  and  was  accom- 
panied by  a shortening  of  REM  latency. 

The  postflight  changes  in  stage  REM  are 
worthy  of  further  consideration.  Since  such  find- 
ings are  typical  of  the  rebound  effect  seen  fol- 
lowing periods  of  relative  deprivation  of  stage 
REM  (ref.  18),  the  question  of  a significant 
deprivation  in  the  flight  phase  arises.  This  ques- 
tion is,  however,  somewhat  difficult  to  assess 
accurately.  When  the  overall  averages  are  consid- 
ered, there  appears  to  be  no  significant  decrease 
in  REM  in  the  flight  phase.  However,  when  the 
individual  data  points  are  considered,  there  is  a 
suggestion  that  perhaps  REM  percent  did  de- 
cline in  the  terminal  portion  of  the  flights.  This 
tendency  is  most  prominent  in  the  case  of  the 
28-day  mission,  where  a relatively  steady  decline 
in  stage  REM  percent  is  evident  after  day  17. 
Such  a trend  is  less  obvious  in  the  case  of  the 
59-day  mission,  although  the  last  2 days  are  be- 
low the  preflight  average  value.  In  the  case  of 
the  84-day  flight,  the  latter  portion  of  the  mission 
shows  only  a slight  indication  of  a decrease  in 
stage  REM.  Even  though  the  results  appear  to 
argue  against  a prior  period  of  REM  deprivation 
in-flight  as  a contributing  factor,  it  must  be  em- 
phasized that  recordings  were  not  made  during 
the  last  two  nights  of  each  mission,  and  conse- 
quently this  situation  cannot  be  fully  assessed. 

A shortening  of  REM  latency  was  obseiwed  in 
the  late  postflight  period  of  all  missions  and  ac- 
companied the  increase  in  REM  percent  noted 
during  that  time.  This  phenomenon  has  also  been 
reported  as  a manifestation  of  a prior  period  of 
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REM  deprivation.  Arguing  against  REM  depriva- 
tion as  a causative  agent  of  this  change  is  that 
no  lessening  of  the  effect  was  evident  even  on 
the  sixth  night  following  recovery  of  the  59-  and 
84-day  missions  nor  after  the  eighth  night  fol- 
lowing the  28-day  mission.  Similarly,  it  seems 
unlikely  that  the  changes  in  stage  REM  can 
be  attributed  to  alterations  in  the  astronauts’ 
sleep  schedules,  i.e.,  the  advances  in  bedtime  near 
the  termination  of  each  mission.  It  has  been 
reported  that  delaying  sleep  periods  by  4 hours 
results  in  a shortening  of  REM  latency,  but  such 
findings  have  not  been  reported  with  comparable 
advances  in  sleep  onset.  Furthermore,  while  de- 
laying sleep  periods  has  been  found  to  increase 
REM  percent,  advancing  sleep  periods  resulted 
in  a decrease  in  REM  percent  (ref.  19). 

Postflight  data  from  the  84-day  mission  further 
suggest  that  the  increase  in  REM  percent  seen 
late  postflight  is  actually  a delayed  phenomenon 
and  follows  a period  of  relative  REM  suppres- 
sion in  the  immediate  recovery  period.  In  fact, 
the  REM  percent  value  of  12.1  percent  on  the 
first  night  following  recovery  is  well  below  any 
REM  percent  value  seen  either  preflight  or  in 
the  flight  phase.  The  value  seen  on  day  5 after 
recovery,  in  the  late  postflight  period,  is  corre- 
spondingly well  above  any  value  seen  either  pre- 
flight or  in-flight.  Delayed  REM  rebound  is  not 
a typical  finding  in  experimental  situations  in- 
volving REM  deprivation.  It  has  been  reported 
following  periods  of  total  sleep  deprivation,  in 
which  case  there  is  an  elevation  of  stages  3 and  4 
in  the  first  recovery  night  and  a later  elevation 
of  stage  REM  (ref.  20).  However,  in  none  of  the 
three  Skylab  flights  was  a postflight  elevation  of 
stages  3 and  4 noted,  and  in  fact  these  param- 
eters tended  to  decline.  Consequently,  in  these 
cases  a delayed  REM  rebound  appears  to  argue 
against  prior  sleep  deprivation  as  the  cause  of 
the  postflight  REM  changes. 

In  view  of  these  findings,  it  seems  plausible 
that  the  decreased  REM  latency  and  increased 
REM  percent  represent  a true  influence  of  the 
reinstated  one-g  condition  and  that  this  signified 
a basic  alteration  in  the  sleep/wakefulness  mech- 
anism of  the  central  nervous  system. 

It  has  been  postulated  that  sleep,  and  in  partic- 
ular the  REM  stage,  may  be  of  importance  in  the 
organization  and  maintenance  of  memory  (refs. 


21,  22,  23).  According  to  this  view,  REM  may  be 
involved  in  consolidation  or  reprograming  of 
short-term  memory  into  a more  permanent  or 
long-term  form.  If  this  hypothesis  is  correct,  then 
it  might  be  predicted  that  tasks  associated  with 
acquisition  of  new  motor  skills  and  coordinated 
motor  activity  might  be  associated  with  an  in- 
creased need  for  stage  REM  sleep. 

In  support  of  this  hypothesis,  it  has  been  found 
that  during  the  period  of  adaptation  to  an  in- 
verted visual  field,  REM  time  was  increased  (refs. 
24,  25).  After  declining  to  relatively  normal  lev- 
els after  adaptation,  reverting  the  visual  field  to 
normal  was  again  accompanied  by  an  increase  in 
REM-sleep  amount.  The  situation  in  space  flight 
may  be  analogous,  since  the  withdrawal  of  gravi- 
tational cues  and  the  decrease  in  proprioceptive 
input  and  altei’ed  vestibular  input  place  a consid- 
erable burden  upon  the  visual  system  as  the  sole 
means  of  maintaining'  spatial  orientation.  Follow- 
ing the  mission,  the  return  to  Earth  similarly 
requires  a period  of  adaptation  to  the  one-g  con- 
dition. It  might  be  speculated,  then,  that  the  in- 
crease in  REM  time  seen  postflight  was  a 
manifestation  of  this  hypothesized  mechanism. 
There  is  no  evidence  in  the  Skylab  data  that 
adaptation  to  zero-g  is  accompanied  by  an  increase 
in  REM  time;  in  fact,  the  values  in  the  flight 
phase  were  either  the  same  or  lower  than  pre- 
flight values.  The  hypothesis  cannot,  however,  be 
adequately  evaluated,  since  no  sleep  data  was  ob- 
tained prior  to  day  3 in  any  of  the  flights;  thus, 
pertinent  changes  could  conceivably  have  been 
missed.  If  such  in-flight  changes  were  present, 
however,  they  evidently  were  shorter  duration 
than  those  seen  postflight  where  changes  were 
seen  until  the  eighth  day  after  recovery. 

Conclusions 

The  objective  results  of  these  sleep  monitoring 
experiments  indicate  that  man  is  able  to  obtain 
at  least  adequate  sleep  over  prolonged  periods  of 
time  in  space  and  during  regularly  scheduled 
8-hour  sleep  periods.  The  alterations  in  sleep 
patterns  which  were  observed  during  these  mis- 
sions were  not  of  the  type,  nor  of  sufficient  mag- 
nitude (with  the  possible  exception  of  the  initial 
portion  of  the  84-day  mission),  to  result  in  sig- 
nificant degradation  of  performance  capability. 
The  most  notable  changes  seen  actually  occurred 
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in  the  postflight  period,  and  this  suggests  that 
perhaps  the  readaptation  to  one-g  is  somewhat 
more  disruptive  to  sleep  than  the  adaptation  to 
zero-g.  Yet,  even  in  this  case,  the  alterations  seen 
were  those  of  sleep  quality  and  not  quantity.  It 
is  also  worthy  of  emphasis  particularly  with  re- 
spect to  the  results  seen  during  prior  space 
flights,  that  none  of  the  Skylab  crewmen  com- 
plained excessively  of  sleeping  difficulties.  In  fact, 
most  reported  no  problems  with  respect  to  sleep, 
and  some  expressed  the  opinion  that  sleep  was 
perhaps  better  in  space.  Viewed  overall,  these  re- 
sults are  somewhat  surprising  because  of  the  fre- 
quent complaints  of  insomnia  during  pre-Skylab 
missions.  Apparently,  the  problems  encountered 
during  earlier  space  flights  were  not  simply  due 
to  the  imposed  zero-g  environment.  The  Skylab 
orbiting  laboratory  differed  considerably  from 
spacecraft  of  the  Apollo  and  Gemini  types,  al- 
though the  gravitational  and  atmospheric  fac- 
tors were  the  same  in  all  cases.  The  working 
volume  of  the  spacecraft  is  most  likely  the  in- 
fluential factor  in  terms  of  sleep.  Skylab  provided 
adequate  room  for  separate  eating,  exercising, 
working,  and  sleeping  areas  within  12  763  cubic 
feet  of  living  area.  The  Apollo  spacecraft  meas- 
ured only  approximately  3 percent  of  this  vol- 
ume, while  the  Gemini  craft  contained  less  than  1 
percent.  In  these  smaller  spacecraft  all  daily  tasks 
were  more  difficult,  and  the  astronauts  undoubt- 
edly had  a greater  sense  of  confinement.  In  ad- 


dition, Skylab  allowed  the  establishment  of  a 
daily  routine  which  was,  in  most  respects,  directly 
comparable  to  ground-based,  everyday  activity. 
The  crewmen  maintained  their  Houston-based 
time  reference  throughout  the  flights  and,  for  the 
most  part,  worked  during  conventional  hours. 
The  individual  sleeping  compartments  were  a 
definite  improvement  over  the  prior  spacecraft 
systems,  and  this  undoubtedly  greatly  minimized 
or  eliminated  interference  with  sleep  caused  by 
activity  of  other  crewmen.  In  general,  the  ele- 
ment of  risk  or  danger  present  in  all  space  flight 
seemed  to  be  minimized  in  Skylab  by  the  presence 
of  an  established  daily  routine,  and  this  also  may 
have  contributed  to  the  improvement  in  sleeping 
conditions. 

The  results  also  suggest  areas  for  future  study 
with  respect  to  the  acquisition  of  scientific  data 
and  in  terms  of  man's  overall  adaptation  to  life 
in  space.  As  indicated  previously,  the  changes  in 
sleep-stage  characteristics  seen  postflight  possi- 
bly do  represent  a direct  influence  of  the  altered 
gravitational  factors  upon  the  sleep/wakefulness 
mechanisms.  Future  experiments,  if  properly  de- 
signed, could  provide  information  of  basic  im- 
portance to  our  understanding  of  sleep.  In  terms 
of  human  capabilities,  we  feel  confident  that 
flights  of  2 to  3 months  will  not  be  jeopardized 
by  sleeping  difficulties,  but  beyond  this  point  we 
must  continue  to  carefully  evaluate  sleep  and  in- 
sure proper  work-rest  scheduling. 
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CHAPTER  14 

Visual  Light  Flash  Observations  on  Skylab  4 

Rudolf  A.  Hoffman,®  Lawrence  S.  Pinsky,‘>  W.  Zach  Osborne,"  and 
J.  Vernon  Bailey  " 


The  observation  of  light  flashes  was  first 
reported  by  the  Apollo  IX  Lunar  Module 
Pilot,  Edwin  Aldrin,  with  subsequent  observa- 
tions made  on  all  Apollo  missions  (refs,  1,  2). 
Professor  C.  A.  Tobias  predicted  as  early  as  1952 
(ref.  3)  that  this  type  of  visual  phenomenon 
would  be  experienced  by  humans  when  exposed 
to  heavily  ionizing  cosmic  particles.  Although  it 
has  been  quite  generally  accepted  that  the  light 
flashes  observed  were  caused  by  passage  of  cos- 
mic particles  through  the  visual  apparatus,  the 
exact  mechanism  of  particle  interaction  is  still 
uncertain.  Some  investigations  (refs.  1,  4,  5,  6, 
7,  10)  support  the  premise  that  the  visual  flashes 
are  caused  by  direct  particle/retina  interaction 
while  others  (refs.  8,  9)  tend  to  favor  Cherenkov 
radiation  from  relatavistic  particles  as  their  eti- 
ology. While  both  mechanisms  probably  contrib- 
ute, the  current  consensus  seems  to  be  that  most 
of  the  flashes  result  from  direct  ionization  energy 
loss  as  the  particle  traverses  retinal  cells.  In 
either  case,  if  cosmic  particles  are  the  cause,  a 
strong  latitude  effect  of  the  light  flash  rate  would 
exist  for  an  observer  in  Earth  orbit.  This  effect  is 
a consequence  of  the  geomagnetic  cutoff  and  the 
steep  energy  spectrum  of  cosmic  ray  fluxes.  In 
other  words,  near  the  equator  only  cosmic  par- 
ticles with  very  high  energy  can  reach  orbital 
altitudes,  while  near  the  magnetic  poles  particles 
of  much  lower  energies  can  reach  comparable 
altitudes. 

The  primary  objective  of  the  study  reported 
here  was  to  investigate  the  frequency  and  char- 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

**  University  of  Houston,  Houston,  Texas. 


acter  of  visual  light  flashes  in  near  Earth  orbit 
as  the  Sky  lab  trajectory  passes  from  northern  to 
southern  latitudes.  Because  the  trajectory  peri- 
odically passed  through  the  South  Atlantic  Anom- 
aly, another  study  objective  was  the  investigation 
of  possible  visual  flashes  during  passage  through 
this  region. 

Procedure 

Two  periods  of  observation  by  the  Pilot  were 
planned.  These  observation  sessions  were  accom- 
plished on  orbits  selected  to  provide  data  on  both 
latitude  and  South  Atlantic  Anomaly  effects.  Un- 
fortunately, no  single  orbit  possessed  ideal  geo- 
magnetic latitude  and  anomaly  conditions.  Hence 
the  first  session  provided  the  best  latitude  condi- 
tions but  passed  only  through  the  edge  of  the 
South  Atlantic  Anomaly  region.  The  second  ses- 
sion passed  through  the  center  of  the  South  At- 
lantic Anomaly  but  did  not  achieve  as  high 
geomagnetic  latitudes.  The  first  observation  ses- 
sion occurred  on  mission  day  74  and  was  70  min- 
utes in  duration,  while  the  second  occurred  on 
mission  day  81  and  was  55  minutes  long.  The 
second  period  was  shorter  because  of  very  critical 
time  limitations  during  the  last  few  days  of  the 
mission. 

At  the  start  of  each  session  the  Pilot  got  into 
his  sleep  restraint,  set  a timer  for  the  prescribed 
period  (either  70  or  55  minutes),  donned  a blind- 
fold, and  began  observing  for  light  flashes.  Ap- 
proximately the  first  10  minutes  of  each  session 
was  allocated  for  dark  adaptation  by  the  subject. 
During  the  first  session  no  particular  position  in 
the  sleep  restraint  was  specified.  The  Orbital 
Workshop  was  in  a Solar  Inertial  Mode  during 
both  periods  and  local  noon  occurred  very  close 
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to  equator  passage  in  both  cases.  For  the  second 
session,  directions  were  given  for  head  position- 
ing which  placed  the  anterior-posterior  axis  of 
head  parallel  to  the  Earth’s  magnetic  field  lines 
in  the  anomaly. 

The  occurrence  of  each  light  flash  event  along 
with  its  description  was  voice  recorded  on  the  on- 
board tape  recorder  and  a transcript  of  the  re- 
cording for  each  of  the  two  periods  was  obtained 
for  analysis. 

Results 

A total  of  168  flashes  was  reported:  24  during 
the  first  session  and  144  during  the  second.  Fig- 
ure 14-1  shows  a plot  of  the  trajectory  ground 
tracks  for  both  observation  sessions  with  each 
light  flash  occurrence  marked.  The  numbers 
shown  in  the  South  Atlantic  Anomaly  on  the 
ground  track  for  session  number  two  indicate  the 
number  of  flashes  observed  during  1 minute  in- 
tervals. Because  the  frequency  of  flashes  in  the 
South  Atlantic  Anomaly  was  much  less  in  session 


number  one,  event  marks  instead  of  numbers  were 
used. 

It  is  almost  impossible,  because  of  the  rela- 
tively few  flashes  observed  and  because  of  vary- 
ing lengths  of  time  spent  at  different  latitudes, 
to  show  in  a simple  way  the  relationship  between 
flash  occurrence  and  geomagnetic  latitude  or 
HZE  flux.  However,  figures  14—2  and  14-3  at- 
tempt to  demonstrate  this  for  the  two  observa- 
tion sessions.  As  can  be  seen  by  referring  to  figure 
14-1,  time  from  equator  passage  is  directly  re- 
lated to  latitude.  The  calculated  cosmic  ray  flux 
for  latitude  positions  of  the  spacecraft  corre- 
sponding to  the  times  from  equator  passage  is 
shown  on  both  figures  14-2  and  14-3.  Although 
there  is  evidence  for  correlation  of  flash  occur- 
rence with  cosmic  ray  flux  (or  geomagnetic  lati- 
tude) in  figure  14—2,  figure  14—3  more  clearly 
demonstrates  this  relationship.  The  Van  Allen 
Belt  Dosimeter  data  for  the  observation  periods 
are  also  shown  on  figures  14-2  and  14—3.  The 
units  shown  on  the  ordinate  of  figures  14-2  and 


Figure  14—1. — Event  occurrences  along  ground  tracks  for  the  two  Skylab  4 light  flash 

sessions  (Pilot-observer). 
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Key: 

0 = One  light  flash  outside  SAA 


Figure  14—2. — Skylab  4 light  flash  observation.  Session 
No.  1.  (Mission  Day  71;  Rev.  3740) 


14-3  do  not  apply  to  those  curves;  instead  only 
relative  units  need  to  be  visualized.  It  is  appai’ent 
that  the  flash  rate  in  the  South  Atlantic  Anomaly 
coincides  remarkably  well  with  the  increased  ra- 
diation levels  detected  by  the  Van  Allen  Belt 
Dosimeter. 

Comments  And  Conclusions 

Although  a few  light  flashes  were  reported  as 
casual  observations  by  the  crews  of  Skylab  2 and 
Skylab  3,  the  events  reported  here  represent  the 
first  observations  made  in  Earth  orbit.  No  flashes 
were  observed  during  previous  Mercury  or  Gem- 
ini flights  or  during  Apollo  missions  prior  to 
Apollo  11.  Why  no  flashes  were  observed  prior 
to  Apollo  11  has  been  considered  before  (ref.  1) 
and  even  now  no  clear  explanation  exists.  The 
most  logical  explanation  appears  to  be  that  the 
eye  must  be  dark  adapted  and  the  observer  must 
be  reasonably  relaxed  and  free  from  most  dis- 
tracting activities  to  observe  light  flashes.  This 
was  not  the  case  on  earlier  flights.  Also  without 
a precedent  for  their  observation,  there  would 
probably  be  the  tendency  to  discount  minor  flashes 
as  nothing  unusual  and  simply  an  innocous  event 
in  a milieu  of  more  important  observations.  It 
seems  obvious  now  that  with  eyes  trained  for 


Key: 

0 = One  light  flash  outside  SAA 


Figure  14—3. — Skylab  4 light  observation.  Session  No.  2. 

(Mission  Day  84;  Rev.  3841) 

observing  these  events  their  occurrence  will  be 
noted  whenever  proper  conditions  exist. 

The  following  conclusions  can  be  drawn  from 
the  data  presented: 

Dark  adaptation  of  at  least  10  minutes  dura- 
tion is  required  to  begin  observing  the  flashes. 

There  is  a strong  correlation  of  very  high  flash 
rates  with  passage  through  the  South  Atlan- 
tic Anomaly,  and,  from  physical  arguments 
and  event  descriptions,  it  appears  certain 
that  these  flashes  are  due  to  the  trapped 
radiation. 

There  is  evidence  for  the  predicted  latitude  ef- 
fect, although  existing  data  are  insufficient 
for  a thorough  statistical  evaluation. 

A greater  particle  flux  in  the  trajectory  through 
the  South  Atlantic  Anomaly  during  the  sec- 
ond observation  period  probably  explains  the 
increased  number  of  flashes  observed  at  that 
time,  but  there  were  also  more  flashes  ob- 
served outside  the  anomaly  during  this  sec- 
ond period  where  the  cosmic  particle 
environment  should  have  been  comparable. 
This  variation  remains  unexplained  at  this 
time. 
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There  is  an  additional  suggestion  from  the 
event  rates  and  descriptions  of  flashes  during  the 
South  Atlantic  Anomaly  passes,  that  there  may 
be  particles  heavier  than  protons  in  the  inner 
belt  of  trapped  radiation.  The  current  knowledge 
of  the  inner  belt  includes  an  upper  limit  of  only 
approximately  one  heavy  nucleus  per  1000  pro- 
tons. The  Skylab  4 light  flash  data  are  compatible 
with  this  limit,  but  still  suggest  the  existence  of  a 
significant  flux  of  Z^2  particles.  This  provides 
strong  motivation  for  making  detailed  and  accu- 
rate measurements  of  the  South  Atlantic  Anomaly 
(inner  belt)  heavy  component. 

The  observation  of  flashes  during  space  flight 
reported  here  and  those  reported  previously  rep- 
resent very  few  events  from  a statistical  stand- 
point. More  such  observations  need  to  be  made 
and  are  planned^  for  the  Apollo-Soyuz  Test  Pro- 


gram mission.  Although  there  is  a basic  interest 
in  studying  the  visual  flashes  per  se,  the  real  im- 
portance to  manned  space  flight  is  the  question  of 
their  significance.  Are  they  mere  flashes  similar 
to  other  visual  observations  we  make  continually 
and  represent  no  danger?  Does  each  flash  signify 
the  destruction  of  one  or  more  retinal  cells?  Are 
the  flashes  observed  and  the  resultant  damage, 
although  potentially  serious  in  itself,  indicative 
of  even  more  damaging  interaction  of  HZE  par- 
ticles with  other  tissues,  e.g.,  the  brain?  The  need 
for  extensive  ground  investigations  using  accel- 
erator-produced radiation  is  apparent.  Space  ob- 
servations as  reported  here  must  serve  as 
guidelines  for  ground  studies  currently  underway 
and  others  yet  to  be  conducted. 

^Experiment  MA106:  Principal  Investigator — Dr.  T.  F. 
Budinger. 
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CHAPTER  15 

Changes  in  the  Achilles  Tendon  Reflexes 
Following  Skylab  Missions 

Joseph  T.  Baker,*  Arnauld  E.  Nicogossian,"  G.  Wyckliffe  Hoffler," 
Robert  L.  Johnson,*  and  J.  Hordinsky  * 


A GENERALIZED  HYPERREFLEXIA  waS  reported 
in  the  crewmembers  of  the  first  Skylab 
mission  during  the  immediate  postflight  clinical 
evaluations  ( ref.  1 ) . This  finding  supports  earlier 
reports  of  an  increase  in  reflex  amplitude  by 
Soviet  researchers  (ref.  2).  To  document  possi- 
ble neuromuscular  changes,  a decision  was  made 
to  conduct  measurements  of  the  Achilles  tendon 
reflex  during  the  subsequent  Skylab  missions. 

Various  devices  have  been  utilized  to  measure 
the  Achilles  reflex  duration.  Some  of  these  de- 
vices are  a light  beam  and  photocell  arrangement ; 
capacitance  changes  and  various  types  of  me- 
chanical transducers.  Reported  normal  duration 
time  for  the  Achilles  reflex  varies  widely  and  de- 
pends heavily  on  the  transducer  type  and  inter- 
pretation of  the  data  by  the  investigator.  Nordyke, 
et  al.,  (ref  3)  report  normal  reflex  durations 
from  250  to  410  milliseconds  while  Bowley,  et  al., 
(ref.  4)  report  a normal  range  of  160  to  280 


milliseconds.  Such  wide  variation  in  reflex  dura- 
tions dictated  that  each  crewman  serve  as  his 
own  control  in  the  experiment. 

The  present  study  is  an  attempt  to  quantitate 
in  time 

1.  any  changes  in  the  duration  of  the  Achilles 
reflex  relative  to  extended  space  flight,  and 

2.  the  duration  of  the  muscle  potential  associ- 
ated with  the  reflex. 

Methods  and  Materials 

One  preflight  test  (F— 5)  and  four  postflight 
tests  were  obtained  on  Skylab  3 crewmen.  The 
postflight  tests  were  done  immediately  on  recov- 
ery day  and  thereafter  on  a regular  basis  at  the 
end  of  Lower  Body  Negative  Pressure  (ch.  29) 
experiments.  Each  one  of  the  Skylab  4 crew- 
members participated  in  three  preflight  and  six 
postflight  tests.  The  schedules  for  Skylab  3 and  4 
tests  were  as  follows : 


Skylab 

mission 

Preflight  (day) 

Post  flight  (day) 

3 

4 

F-5 

F-30,  F-15,  F-5 

R+O, 

R+0, 

R+4,  R+16,  R+29 

R+1,  R+5,  R + 11,  R + 17,  R+31 

In  a typical  test  session,  the  erect  crewmember 
positioned  his  right  knee  on  a firm  support,  with 
additional  support  as  necessary,  to  achieve  re- 
laxation of  the  gastrocnemius  muscle.  A relative 

■ Technology  Incorporated,  Houston,  Texas. 

**  NASA  Johnson  Space  Center,  Houston,  Texas. 


displacement  transducer  was  firmly  attached  to 
the  plantar  bearing  surface.  Three  electrode  sites 
were  prepared  on  the  midsection  of  the  gastroc- 
nemius muscle  to  obtain  muscle  potentials,  and 
silver  electrodes  of  2 centimeter  area  were  fixed 
to  these  sites  with  a conducting  gel.  The  Achilles 
tendon  was  struck  several  times  as  a warm  up  and 
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to  check  the  gain  setting  of  the  recorders.  The 
signals  from  both  the  displacement  transducer 
and  the  electrodes  were  amplified  and  recorded 
simultaneously  on  strip  chart  and  FM  magnetic 
tape.  To  elicit  reproducible  and  well  inscribed 
tendon  reflexes,  the  Achilles  tendon  was  struck 
every  2 seconds  for  30  seconds  with  a percussion 
hammer.  No  reinforcement  maneuver  was  used 
to  augment  the  reflex. 

Data  Analysis. — For  each  experiment,  an  aver- 
age number  of  12  complexes  on  strip  chart  were 
analyzed.  The  Achilles  reflex  duration  was  meas- 
ured from  the  initial  stroking  of  the  tendon  until 
all  movement  had  ceased.  This  method  of  deter- 
mining duration  should  detect  change  occurring 
in  the  contraction  and/or  relaxation  phases  of 
the  reflex.  The  muscle  potential  interval  for  each 
reflex  was  measured  from  the  beginning  of  the 
mechanical  upstroke  to  the  point  of  greatest  am- 
plitude of  the  muscle  potential  spike  (fig.  15-1). 


Figure  15—1. — Illustration  depicting  method  of  measure- 
ment of  the  reflex  duration  and  muscle  potential  inter- 
vals. 


For  the  Skylab  3 mission  the  mean  and  standard 
deviation  were  computed  for  both  the  Achilles  re- 
flex duration  and  the  muscle  potential  interval. 
Student’s  t-test  was  used  to  determine  if  any 
postflight  data  was  significantly  different  from 
the  preflight  data. 

For  the  Skylab  4 mission  fiducial  limits  for  the 
normal  were  calculated  since  a preflight  baseline 
consisting  of  three  separate  test  values  was 
available. 


Results 

The  results  of  the  single  preflight  and  the  four 
postflight  tests  for  the  Skylab  3 mission  are  pre- 
sented in  figure  15-2.  The  duration  of  the  Achilles 


Figure  15—2. — Duration  of  the  Achilles  tendon  reflex  for 
the  Skylab  3 crewmembers. 


reflex  immediately  postflight  showed  a signifi- 
cant (P<0.01)  shortening  for  all  three  crewmen. 
The  reflex  duration  exhibited  further  significant 
shortening  on  the  fourth  day  after  recovery.  At 
the  16th  postflight  day  there  was  a significant 
(P<0.01)  lengthening  of  the  reflex  for  the  Sci- 
entist Pilot  and  Pilot  while  the  Commander 
showed  lengthening  which  was  not  quite  statisti- 
cally significant.  By  29  days  post  recovery,  the 
reflex  duration  of  the  Commander  had  essentially 
returned  to  its  preflight  value.  However,  the  Sci- 
entist Pilot  and  Pilot  continued  to  show  a signifi- 
cant lengthening  of  the  reflex  duration  with  a 
suggested  trend  toward  their  preflight  values. 

The  results  for  the  Skylab  4 mission  are  pre- 
sented in  figure  15-3.  The  Commander  showed 
an  initial  shortening  of  his  reflex  time  that  was 
within  his  preflight  baseline.  By  the  5-day  post- 
flight test  there  was  a significant  lengthening  of 
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Figure  15—3. — Duration  of  the  Achilles  tendon  reflex  for  the  Skylab  4 crewmembers. 


his  reflexes  well  outside  the  fiducial  limits  of  his 
baseline  testing.  In  subsequent  tests  the  Com- 
mander’s reflex  time  decreased  slowly  until  he 
was  well  within  his  baseline  values  by  the  31-day 
postflight  test. 

The  Scientist  Pilot  presented  reflex  times 
shorter  than  his  baseline  limits  on  recovery  day. 
The  reflex  time  lengthened  on  day  1 and  by  day  5 
postflight  it  had  increased  to  the  point  of  being 
greater  than  his  baseline  limits.  Subsequent  test- 
ing showed  an  oscillating  reflex  time  which  by 
the  31-day  postflight  test  had  returned  to  within 
baseline  limits. 

The  Pilot  showed  an  immediate  decrease  in  re- 
flex time  on  recovery  day.  This  condition  lasted 
through  the  day  5 test.  At  the  postflight  day  11 
test  there  was  a significant  lengthening  of  reflex 
times.  In  subsequent  tests  the  Pilot’s  reflex  times 


decreased  until  he  was  within  his  baseline  limits 
by  day  31  postflight. 

The  muscle  electrical  component  of  the  reflex 
for  the  Skylab  3 mission  proved  to  be  difficult  to 
obtain  on  the  Scientist  Pilot  and  Pilot.  However, 
a full  set  of  data  was  obtained  on  the  Commander 
(fig.  15-4).  The  course  of  the  postflight  muscle 
potential  interval  paralleled  the  Commander’s  re- 
flex duration,  i.e.,  the  first  two  tests  showed  a 
shortening  of  the  time  interval  while  the  last  two 
tests  showed  a slowly  increasing  time  interval  not 
quite  reaching  his  preflight  value.  Despite  spotty 
data,  the  other  two  crewmembers  also  showed  a 
similar  response  in  muscle  potential  intervals. 

The  electrical  component  of  the  reflex  still 
proved  difficult  to  obtain  on  the  crewmembers  of 
the  Skylab  4 mission.  No  data  were  collected  on 
the  Pilot  but  fairly  complete  data  were  obtained 
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Preflight  Postflight 

Test  day 

Figure  15—4. — Muscle  potential  intervals  for  the  Skylab  3 
crewmen. 


on  the  Commander  and  Scientist  Pilot.  Inspection 
of  the  muscle  potential  intervals  shows  good  agree- 
ment, i.e.,  when  the  reflex  time  increased  the 
muscle  potential  interval  increased  and  vice  versa 
(fig.  15-5). 


Test  day 


Figure  15—5. — Muscle  potential  intervals  for  the  Skylab  4 
crewmen. 


Discussion 

The  six  Skylab  crewmen  tested  and  some  of 
the  Cosmonauts  have  exhibited  similar  findings. 
These  findings  include  a peculiar  gait  upon  re- 


turn to  the  one-g  field;  muscular  soreness  and 
weakness;  overcompensation  in  movements  while 
in  a vertical  position  and  changes  in  the  reflexes. 
While  a fully  satisfactory  explanation  for  these 
neuromuscular  findings  is  still  lacking,  several 
factors  have  been  implicated. 

Dealing  specifically  with  the  alterations  in  re- 
flex times  it  might  be  postulated  that  an  imbalance 
is  present  between  the  postural  muscle  groups. 
These  muscle  groups  specifically  support  the  body 
against  the  pull  of  gravity  and  if  not  adequately 
exercised  might  be  expected  to  undergo  selective 
relative  disuse  atrophy  in  a weightless  environ- 
ment. After  return  to  the  gravitational  field  of 
Earth  following  partial  or  total  acclimatization 
to  weightlessness,  the  sudden  burden  imposed  on 
these  muscles  could  possibly  result  in  a state  of 
disequilibrium  between  the  flexor  and  extensor 
groups.  This  gravity  stressor  may  be  implicated  in 
the  altered  reflex  durations  seen  in  the  Skylab  3 
and  4 crewmen.  Interestingly,  the  reflex  duration 
had  approximately  returned  to  preflight  values 
at  the  time  muscular  soreness  disappeared  and  the 
gait  had  returned  to  normal. 

Another  causal  possibility  is  that  of  inter- 
action between  biochemical  and  hormonal  factors 
and  reflex  duration.  In  the  second  manned  Skylab 
mission  the  postflight  thyroxin  and  epinephrine 
values  were  reported  to  be  slightly  elevated  (ch. 
23)  which  conceivably  could  account  for  some  of 
the  changes  seen  in  reflex  duration.  An  increase 
in  both  calcium  and  potassium  was  noted  the  first 
2 days  postflight  and  there  was  a transient  in- 
crease in  the  concentration  of  ionized  serum  cal- 
cium. (ref.  5).  It  seems  unlikely,  however,  that 
these  biochemical  and  humoral  changes  would 
affect  the  reflex  durations  for  the  time  periods 
seen  here. 

It  is  interesting  to  observe  that  the  crews  of  the 
Skylab  4 mission  seemed  perhaps  slightly  less  af- 
fected, as  regards  reflex  durations,  by  their  in- 
creased time  in  space.  There  is  also  the  added 
factor  of  progressively  increased  exercise  regi- 
mens, both  on  the  bicycle  ergometer  and  the  other 
devices  (minigym  Skylab  3 and  4,  “Treadmill” 
Skylab  4). 

Conclusion 

The  best  explanation  for  the  changes  in  reflex 
duration  is  perhaps  related  to  the  servofeedh.nrk 
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system  of  the  postural  muscles  themselves.  These 
muscles,  after  weeks  of  inactivity  and  a loss  of 
mass,  must  suddenly  resume  upright  support  of 
the  body  in  a one-g  environment,  with  an  attendant 
strain  and  stretch  in  these  muscles  resulting  in  an 
over  stimulation  of  the  neuromuscular  system 
causing  the  initial  decrease  in  reflex  duration.  As 
the  muscles  regain  strength  and  mass  (refs.  6,  7) 
there  occurs  an  over  compensation  reflected  by  the 


increased  reflex  duration.  Finally,  when  a normal 
neuromuscular  state  is  reached  the  reflex  duration 
returns  to  baseline  value.  In  general  the  available 
data  seem  to  support  this  proposed  hypothesis. 
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CHAPTER  16 

Task  and  Work  Performance  on  Skylab  Missions 
2,  3,  and  4:  Time  and  Motion  Study — Experiment 
M151 

Joseph  F.  Kubis,“  Edward  J.  McLaughlin,* **’  Janice  M.  Jackson,^  Ru- 
dolph Rusnak,®  Gary  H.  McBride,^  Susan  V.  Saxon  « 


The  purpose  of  the  Time  and  Motion  Study 
was  to  determine  how  well  man  can  perform 
specified  tasks  under  zero-g  conditions  over  the 
course  of  long-duration  space  flights.  Among  its 
objectives,  experiment  M151  studied  the  in-flight 
adaptation  of  crewmen  to  a variety  of  task  situa- 
tions involving  different  types  of  activity.  Train- 
ing data  provided  the  basis  for  comparison  of  pre- 
flight and  in-flight  performance. 

It  was  anticipated  that  in-flight  performance 
of  some  tasks  would  be  but  slightly  affected,  while 
the  performance  of  others  in  the  zero-g  environ- 
ment would  exhibit  more  pronounced  changes  in 
time  and/or  in  the  patterning  of  the  elements 
comprising  the  tasks.  On  the  assumption  that 
overall  work  time  would  increase  in  the  zero-g 
environment,  initially  at  least,  an  additional  ob- 
jective was  to  determine  at  what  point  work 
efficiency  in-flight  would  be  restored  to  that  mani- 
fested during  the  last  preflight  performance. 

The  adaptation  function,  or,  the  relation  ex- 
pressing the  amount  of  time  it  takes  to  perform 
the  same  task  in  successive  trials  (task  time  as  a 
function  of  task  trial),  was  used  to  evaluate  the 
effect  of  the  Skylab  environment  on  task  perform- 
ance. As  graphed,  this  function  is  represented 
by  a curve  which  decreases  (i.e.,  performance 
time  gets  shorter)  from  trial  to  trial,  ultimately 
reaching  a point  where  successive  trials  yield 
similar  values  (i.e.,  approach  to  asymptote).  The 
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rate  of  decrease,  which  indicates  improvement, 
differs  for  different  tasks.  The  character  of  this 
curve  also  varies  from  individual  to  individual. 
Unexpected  changes  in  slope  or  in  variability  can 
be  used  to  identify  difficulties  with  hardware, 
changes  in  environmental  conditions,  or  altera- 
tions in  method  of  performance.  Change  in  per- 
formance level  or  in  variability  may  also  reflect 
fundamental  changes  in  the  attitude  or  physio- 
logical condition  of  the  subject.  The  adaptation 
function  can  also  be  used  to  identify  the  point  at 
which  in-flight  task  efficiency  is  restored  to  the 
level  of  preflight  proficiency.  It  also  provides  a 
basis  for  developing  criteria  of  performance  de- 
terioration, specifically  relevant  to  space  flights  of 
long  duration. 

Objective  Of  Present  Report 

The  specific  objective  of  this  report  is  to  present 
data  on  those  work  and  task  activities  encom- 
passed by  experiment  M151  and  common  to  Skylab 
missions  2,  3,  and  4.  The  emphasis,  then,  is  on  the 
replication  and  comparison  of  crewman  perform- 
ance on  flights  of  varying  time  lengths.  It  is 
thus  possible  to  study  the  effects  of  increasing 
performance  trials  on  the  characteristics  of  the 
adaptation  function.  Similarly  the  effect  of  in- 
creasing zero-g  exposure  on  work  and  task  per- 
formance is  available  for  analysis. 

Data  Acquisition 

A Maurer  16  mm  Data  Acquisition  Camera, 
supplied  with  S0168  color  film,  was  used  to  photo- 
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graph  selected  tasks  on  each  mission.  Two  Maurer 
lenses  were  employed:  a 5 mm  lens  with  wide 
angle  field-of-view  to  photograph  activities  in  the 
lower  area  of  the  Orbital  Workshop  where  the 
camera  was  constrained  by  close  proximity  to  the 
filmed  activity;  and  a standard  10  mm  lens  to 
photograph  activities  in  the  Orbital  Workshop 
forward  area.  A portable  high  intensity  light  was 
used  where  onboard  lighting  was  incapable  of 
yielding  acceptable  photography. 

On  Skylab  2 all  data  were  photographed  at  six 
frames  per  second  to  provide  reliable  criteria  for 
determining  the  end  points  of  the  elements  com- 
prising the  task.  On  Skylab  3,  frame  rates  were 
reduced  from  six  frames  per  second  to  two  frames 
per  second  for  some  activities  in  order  to  con- 
serve film  for  an  adequate  sampling  of  data  over  a 
mission  twice  the  duration  of  the  first.  Mass  han- 
dling tasks  were  maintained  at  six  frames  per 
second.  Skylab  4 data  collection  followed  the  same 
guidelines  as  those  for  Skylab  3. 

Illumination  levels  varied  from  4 to  9 foot- 
candles  depending  on  location,  and  as  has  been 
mentioned,  the  portable  high-intensity  light  was 
used  only  where  onboard  lighting  was  totally 
unacceptable  for  photography.  Power  conserva- 
tion practices  during  early  portions  of  Skylab  2 
to  relieve  power  and  thermal  problems,  required 
some  concessions  in  normal  lighting  levels,  but 
usable  data  were  obtained. 

Because  of  accumulating  radiation  damage  to 
film,  new  lighting  criteria  were  initiated  for  Sky- 
lab 4.  The  increased  use  of  portable  high-intensity 
light  in  addition  to  normal  lighting  reduced  the 
effects  of  radiation.  Image  enhancement  proced- 
ures were  also  utilized  to  counteract  radiation 
damage. 

Film  Analysis. — Approximately  4350  feet  of 
film  were  taken  on  Skylab  2,  while  more  than 
three  times  this  amount,  14  700  feet,  were  avail- 
able from  preflight  training.  Corresponding  data 
for  Skylab  3 were  3800  and  10  400 ; for  Skylab  4, 
2500  and  6800. 

To  process  this  large  volume  of  film  a three-level 
analysis  procedure  was  developed  to  filter  the  data 
into  classes  according  to  the  depth  and  detail  of 
analysis  required.  With  this  procedure  the  film 
as  a whole  was  analyzed,  but  portions  of  critical 
importance  were  given  detailed  treatment. 

The  film  was  examined  on  a special  film  viewer 


which  had  the  capability  of  controlling  rate  of 
presentation  and  alignment,  while  attaining  high 
precision  in  measuring  the  dimensions  and  orien- 
tations of  the  image.  In  the  first  level  of  analysis, 
each  task  or  activity  was  broken  down  into  the 
elements  required  for  its  performance.  These  ele- 
ments were  identified  and  defined  during  the 
training  sessions.  Along  with  the  basic  identifying 
information,  such  as  date  filmed  and  analyzed, 
film  rate,  work  activity,  et  cetera,  the  first  level 
analysis  gave  the  element  description  and  the 
frame  number  or  time  at  the  end  of  each  element. 

The  second  and  third  levels  of  analysis  built 
on  the  data  obtained  from  the  first  level.  More 
detail  was  provided  and  relevant  accessory  vari- 
ables were  identified.  Thus,  for  each  element  the 
second  level  of  analysis  included  torso  configura- 
tion, position  restraints,  restrictions,  detailed  mo- 
tion patterns,  et  cetera.  The  third  level  added  to 
the  second  level  such  items  as  crewman  elevation, 
roll  and  heading,  plus  details  as  to  elbow,  torso, 
and  knee  angles.  From  this  information  it  was 
possible  to  reproduce  in  a quantitative  fashion  and 
to  a high  degree  of  fidelity  the  patterning  and 
temporal  course  of  any  activity. 

The  work  of  the  film  analyst  was  facilitated  by 
the  use  of  a Coding  Dictionary,  The  dictionary 
provided  the  necessary  definitions  for  identifying, 
classifying,  and  measuring  the  activity  as  de- 
picted on  film.  It  gave  exact  instructions  for  com- 
puter coding — the  data  to  assign  to  specific  card 
fields,  the  use  of  various  programing  cards,  and 
all  other  programing  instructions.  The  use  of  the 
Coding  Dictionary  maximized  the  objectivity  and 
accuracy  of  film  analysis. 

Task  Selection. — Selection  of  activities  to  be 
filmed  was  governed  by  a number  of  rather  re- 
strictive criteria.  Repetitive  and  relatively  stand- 
ardized tasks  were  required  to  satisfy  replication 
and  uniformity  conditions.  At  the  same  time, 
relevant  and  natural,  rather  than  contrived,  ac- 
tivities were  desired.  Consequently,  they  had  to 
be  part  of  the  planned  schedule,  not  added  to  or 
modified  for  experiment  M151.  Additionally,  va- 
riety in  tasks  was  sought  in  order  to  permit  the 
study  of  a broad  spectrum  of  human  performance. 

Activities  associated  with  the  preparation  and 
execution  of  approved  medical  and  scientific  ex- 
periments met  all  of  these  requirements.  Thus, 
the  regularities  of  experimental  procedures  in 
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other  experiments  provided  M151  with  a source  of 
homogeneous  data  for  analysis  and  evaluation. 

Experiment  Data  Sources. — The  experiments 
and  operational  activities  serving  as  sources  for 
photographic  data  are  listed  below,  together  with 
a brief  description  of  some  of  the  activities  of 
interest. 

M092  In-flight  Lower  Body  Negative  Pressure. 
— The  preparation  for  this  experiment  involved 
the  coordinated  interaction  of  two  men  who  util- 
ized both  fine  and  gross  motor  activity  in  the 
unstowing,  preparation,  and  donning  of  electrodes, 
probes,  and  measuring  devices.  In  addition,  pre- 
cision of  translation  and  ingress  of  the  Lower 
Body  Negative  Pressure  Device  was  required. 

M171  Metabolic  Activity. — This  experiment  also 
involved  a two-man  interaction  in  the  mounting 
of  the  ergometer  and  donning  of  the  restraint 
system  (which  was  deleted  in-flight)  and  meta- 
bolic apparatus.  The  operations  of  unstowing, 
assembling,  and  connecting  required  gross  motor 
activity.  Specialized  restraint  systems  were 
utilized. 

T027/S073  ATM  Contamination  Measurement 
— Gegenschein/Zodiacal  Light. — The  removal,  de- 
ployment, transfer,  installation,  and  retrieval  of 
the  photometer  (and  associated  activities)  in- 
volved two-man  interaction  (reduced  to  one-man 
activity  in-flight)  in  the  handling  and  translation 
of  hardware  of  very  large  mass  and  size.  The 
photometer  weighed  95  kilograms  and  had  dimen- 
sions of  140X50X30  centimeters.  Gross  and  fine 
motor  dexterity  was  involved  in  the  varied  activi- 
ties associated  with  this  operation. 

S190B  Earth  Terrain  Camera. — The  removal, 
preparation,  installation,  deployment,  and  re- 
trieval of  the  Earth  Terrain  Camera  required  a 
one-man/mass  interaction  utilizing  medium-sized 
hardware.  The  camera  weighed  29  kilograms  and 
had  dimensions  of  70X20X30  centimeters.  Fine 
and  gross  motor  activity  was  involved  as  well  as 
translation  with  load. 

S183  UV  Panorama. — Photography  of  this  ex- 
periment yielded  data  encompassing  unstowage, 
transfer,  installation,  and  film  loading  of  large 
hardware  which  weighed  48  kilograms  and  had 
dimensions  of  130X40X40  centimeters.  Fine  and 
gross  motor  activity  was  involved  as  well  as 
translation  with  or  without  loads  of  varying  size. 

M509  Astronaut  Maneuvering  Equipment. — 


One-man  maintenance  activity  involved  removal, 
stowage,  unstowage,  transfer,  and  installation  of 
hardware  subassemblies.  Two-man  interaction  in 
donning  experiment  hardware  employed  fine,  me- 
dium, and  gross  motor  activity. 

EVA  Suit  Donning  and  Doffing. — Donning  of 
the  suit  from  the  liquid  cooled  garment  to  pres- 
surization required  two-man  interaction  involving 
fine  and  gross  motor  activity.  Suit  doffing  involved 
similar  types  of  activity. 

Food  Preparation. — Removal,  collection,  and 
preparation  of  food  required  relatively  gross  motor 
activity.  Use  of  a thigh  restraint  was  involved. 

Not  all  of  the  data  obtained  from  the  tasks 
listed  above  were  used  in  this  report.  The  primary 
emphasis  was  on  comparable  data  obtained  from 
all  three  missions. 

Sampling  and  Replication. — Weight  and  stow- 
age restrictions  placed  a limit  on  the  amount  of 
film  assigned  to  experiments.  The  crowded  and 
complex  schedule  of  an  astronaut’s  workday  pre- 
sented difficulties  for  filming  the  desired  experi- 
mental trials.  These  constraints  created  problems 
for  sampling  the  experimental  trials  and  allocat- 
ing them  to  the  Skylab  missions. 

On  the  Skylab  2 mission,  sampling  density  was 
maximized  for  the  initial  group  of  trials  of  an 
experiment.  During  Skylab  missions  3 and  4 more 
emphasis  was  given  to  performance  towards  the 
end  of  the  mission,  to  better  detect  performance 
variability,  should  any  have  occurred  due  to  ex- 
tended exposure  to  the  Skylab  environment. 

It  will  be  observed  that  the  final  or  last  trial  was 
not  generally  used  for  filming.  There  were  two 
reasons  for  this  decision.  In  the  first,  the  well- 
documented  “end-effect”  was  avoided.  This  effect, 
observed  in  traditional  learning  as  well  as  in  isola- 
tion situations,  reflects  the  frequently  occurring 
change  in  attitude  of  the  subject  as  he  realizes 
that  this  is  his  last  trial,  or  last  day  of  isolation. 
Thus  toward  the  end  of  a flight,  the  attitudes  and 
interests  of  the  astronauts  were  expected  to  be- 
come more  focused  on  “cleaning  up”  or  “getting 
ready  to  leave.”  The  second  reason  was  concerned 
with  the  practical  matter  of  work  slippage.  Small 
but  annoying  problems  could  develop  during  the 
course  of  a mission  with  the  result  that  experi- 
mental trials  late  in  the  series  might  have  to  be 
sacrificed. 

Preflight  training  involved  the  crewmen  in  vari- 
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ous  types  of  work  and  task  performance.  First, 
there  were  walk-throughs,  then  heavily  assisted 
performances,  and  finally  the  crewmen  on  their 
own  with  very  little  or  no  assistance  from  training 
personnel.  These  latter  performances,  the  last  four 
or  five  before  flight,  were  used  as  baseline  or  con- 
trast data  for  comparison  with  in-flight  perform- 
ance. The  data  points  comprising  the  baseline 
extended  over  a period  of  many  months,  from 
December  1972  to  May  1973  for  Skylab  2,  from 
August  1972  to  June  1973  for  Skylab  3,  and  from 
November  1972  to  October  1973  for  Skylab  4. 
There  were,  of  course,  earlier  training  sessions. 
In  M092,  for  example,  the  Skylab  2 crewmen  as 
observers  had  a total  of  25  training  sessions ; Sky- 
lab 3 crewmen,  14 ; and  Skylab  4 crewmen,  27.  The 
Skylab  3 crew  had  the  fewest,  approximately  half 
the  number  of  the  other  crews. 

Time  Measurements. — The  time  to  complete  a 
task  was  measured  in  several  ways.  The  most  in- 
clusive was  Voice/Telemetry  Time,  the  end  points 
of  which  were  either  voice  recorded  by  the  crew- 
man or  automatically  indicated  by  the  start-stop 
controls  of  a timer.  Thus,  the  beginning  of  a task 
may  have  been  recorded  by  the  statement  “Started 

M092  at while  the  completion  of  M092 

data  acquisition  was  automatically  indicated  by 
the  crewman  stopping  the  experiment  timer.  Ter- 
mination was  sometimes  also  announced  by  voice, 
as  “End  M171  at “ 

Camera  running  time  included  only  the  time 
during  which  activity  was  being  photographed. 
It  eliminated  such  preparatory  activity  as,  ar- 
ranging material  for  the  experiment,  making  final 
calibrations,  and  other  such  activity  which  was 
included  in  Voice/Telemetry  Time.  Included  in 
Camera  Running  Time,  and  in  Voice/Telemetry 
Time  as  well,  were  such  categories  as  foreign  ele- 
ments, waits  and  idles,  anomalies,  and  redundan- 
cies. These  categories  will  be  discussed  in  more 
detail  in  the  Performance  Anomaly  Section. 

Basic  element  time  was  the  least  inclusive  of  the 
three  measurement  procedures,  comprising  the 
sum  of  the  times  associated  with  the  basic  ele- 
ments.— The  basic  elements  were  the  set  of  ele- 
ments which  were  necessary  to  complete  the  task ; 
they  appeared  in  every  performance  of  the  task, 
preflight  or  in-flight;  and  they  were  performed 
only  by  the  crewmen  to  whom  the  task  was  as- 
signed. Basic  Element  Time,  then,  was  comparable 


from  person  to  person,  from  mission  to  mission, 
and  from  preflight  to  in-flight  performance.  In 
contrast  nonbasic  elements  were  those  which  some- 
times were  omitted  by  the  crewmen  (e.g.,  stowage 
of  legbands) , or  modified,  or  done  before  the  cam- 
era was  activated  or  after  the  camera  was  turned 
off.  In  calculating  Basic  Element  Time,  such  vari- 
ables as  foreign  elements,  waits,  and  idles  which 
are  defined  in  the  next  section  were  removed  from 
the  time  for  the  element  in  which  they  occurred. 

Element  time  was  the  time  determined  for  each 
element  by  time  and  motion  techniques. — This 
included  basic  as  well  as  nonbasic  elements.  The 
time  taken  to  complete  each  element  (ref.  1),  at 
each  task  performance  by  each  crewman,  com- 
prised the  fundamental  data  source  from  which 
special  analyses  were  potentially  available.  As  an 
example,  elements  could  be  grouped  into  classes, 
such  as,  fine  or  gross  motor  dexterity,  transla- 
tion with  or  without  load,  large  versus  small  mass 
handling. 

In  the  present  report  Voice/Telemetry  Time 
measurements  were  included  to  demonstrate  the 
type  of  adaptation  function  they  produced.  The 
major  portion  of  the  analyses,  however,  were  based 
on  Basic  Element  Time  which  provided  valid  com- 
parisons across  missions  and  between  training  and 
in-flight  performance.  Nevertheless,  Voice/Tele- 
metry Time  provided  a realistic  estimate  of  the 
time  it  took  to  complete  a particular  in-flight  task. 

Performance  Anomaly. — The  time  required  to 
perform  a given  task,  subtask  or  element  varies 
from  performance  to  performance.  Differences  in 
method,  procedure,  or  motion  pattern  are  also 
observed  during  task  performance.  These  varia- 
tions are  due  to  a complex  set  of  factors  and 
where  they  are  minor  and  no  assignable  cause  (or 
causes)  can  be  discovered,  they  are  characterized 
as  random.  However,  film  analysis  frequently  re- 
veals identifiable  perturbations  in  task  perform- 
ance which  have  assignable  causes.  The  situa- 
tions giving  rise  to  such  perturbations  have  been 
categorized  as : foreign  elements,  waits  and  idles, 
and  task-related  anomalies. 

A foreign  element  is  any  activity  or  motion  pat- 
tern unrelated  to  the  ongoing  task  but  initiated 
or  caused  by  the  crewman  during  the  performance 
of  the  task. — Examples  would  be  a crewman  stop- 
ping his  task  to  take  a message  or  to  perform 
some  other  and  more  urgent  activity.  The  time 
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for  foreign  elements  was  recorded  separately  and 
removed  from  the  time  for  the  element  (task)  in 
which  it  occurred.  These  intrusive  and  task- 
independent  activities  may  be  occasioned  by  human 
lapses,  needs,  or  distractions  and  by  mechanical 
or  hardware  failure. 

Waits  and  idles  are  characterized  by  breaks  in 
the  work  cycle  in  which  the  crewman  must  wait 
for  someone  else  to  work  with  him,  or  for  a me- 
chanical process  to  be  completed. — Or  the  crew- 
man may  “take  a break,”  or  be  idle,  that  is,  non- 
productive. He  may  also  be  engaged  in  mental 
activity  (e.g.,  reviewing  progress)  not  observable 
to  the  analyst.  As  was  done  with  foreign  elements, 
waits  and  idles  were  removed  from  the  time  meas- 


urement of  the  task  (or  element)  in  which  they 
occurred. 

Task-related  anomalies  are  those  activities,  ini- 
tiated by  a crewman,  or  by  hardware  difficulties, 
which  occur  during  the  performance  of  a task  and 
are  essentially  a part  of  it. — This  class  is  repre- 
sented by  the  “fumble,”  an  incorrect  procedure  or 
sequence,  a dropped  object,  or  other  task-related 
error.  The  time  occupied  by  the  anomaly  is  usually 
included  in  the  element  time.  If  it  is  possible  or 
advantageous  to  evaluate  the  causative  factors  in- 
volved, the  anomaly  can  be  treated  as  an  element 
and  isolated  for  more  intensive  study.  As  noted 
above  for  foreign  elements  and  for  waits  and 
idles,  task-related  anomalies  may  have  human  as 


Figure  16-1. — ^Timc  lo  perform  basic  M092  prerun  subject  activity. 
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well  as  mechanical  (hardware)  origins.  Task- 
related  anomalies  are  of  special  importance  in 
that  they  can  point  to  deficiencies  in  the  man/ 
machine  interface  and/or  in  hardware  design. 

Graphic  Results 

One  of  the  simplest,  and  in  many  ways  most 
effective,  methods  of  presenting  experimental  re- 
sults is  through  graphic  procedures.  A represen- 
tative picture  of  M151  data  can  be  seen  in  a series 
of  four  graphs,  figures  16-1  through  16-4,  which 
depict  the  adaptation  function  for  the  basic  activi- 
ties involved  in  M092  Lower  Body  Negative  Pres- 
sure, as  these  were  performed  on  Skylab  missions 
2,  3,  and  4.  Training  data  comprise  the  left  section 
of  each  graph ; the  right  hand  portion  presents  the 
in-flight  results. 

Figure  16-1  shows  the  results  for  the  Pilot  and 
Scientist  Pilot  as  subjects  in  M092  Prerun  Activ- 
ity. The  most  striking  feature  of  these  graphs  is 
the  seeming  continuity  of  in-flight  perfonnance  as 
it  followed  the  last  preflight  performance.  The 
same  tendency  can  be  observed  in  figure  16-2 


which  summarized  M092  Postrun  Subject  Activ- 
ity, again  for  the  Pilot  and  Scientist  Pilot  on  each 
of  the  three  Skylab  missions. 

The  time  to  perform  the  basic  M092  Prerun 
Observer  Activity  showed  a different  pattern  in 
figure  16-3.  In-flight  performance  was  generally 
elevated  in  comparison  to  terminal  preflight  train- 
ing data.  This  was  most  clearly  shown  in  the  per- 
formance of  the  Commander  for  each  of  the  three 
missions. 

In  figure  16-4,  in-flight  performance  time  was 
at  approximately  the  same  level  as  that  for  pre- 
flight training  data.  Excepting  the  preflight  per- 
formance for  the  Skylab  4 Scientist  Pilot,  the  data 
showed  veiy  little  variation. 

Preflight  training  data  for  Skylab  3 and  Skylab 

4 were  widely  scattered  over  the  12  months  pre- 
ceding launch.  In  contrast,  most  of  the  training 
data  for  Skylab  2 were  obtained  within  the  last 

5 months  before  launch. 

One  important  fact  emerged  from  the  analysis 
of  the  four  graphs.  Of  the  23  in-flight  curves  pre- 
sented in  the  four  figures,  18  of  them  had  their 


v> 
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Figure  16-2. — Time  to  perform  basic  M092  postrun  subject  activity. 
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initial  performance  at  a level  higher  than  that 
found  in  the  last  preflight  trial. 

(Scaling  reflected  the  greater  importance  at- 
tached to  in-flight  performance.  Providing  larger 
units  for  mission  days,  made  it  possible  for  the 
in-flight  performances  to  be  more  clearly  differen- 
tiated among  the  three  missions.) 

Statistical  Analyses 

First  In-flight  Task  Performance. — The  first 
trial  of  an  in-flight  task  was  considered  a signifi- 
cant datum  for  evaluating  the  effects  of  zero-g 
environment  on  task  performance.  In  one  sense, 
the  zero-g  effect  was  already  diluted  by  the  time 
the  experiments  began  because  crewmen  had  been 


busily  working  in  the  zero-g  environment  during 
the  activation  period,  and  for  several  days  had 
been  slowly  divesting  themselves  of  one-g  habits 
and  quickly  acquiring  zero-g  maneuverability  and 
expertise.  Nevertheless,  the  previously  presented 
graphs  have  strongly  indicated  that  the  first  in- 
flight trial  generally  took  longer  than  the  last 
preflight  trial  of  the  same  task. 

To  better  evaluate  the  effect  of  the  zero-g  en- 
vironment on  the  initial  trials  of  in-flight  perform- 
ance, the  tasks  were  subdivided  into  elements 
and  the  times  associated  with  the  performance  of 
each  element  were  compared,  first  trial  in-flight 
versus  last  trial  preflight.  The  data  for  these  ele- 
ments were  presented  in  terms  of  frequencies. 


Figure  16—3. — Time  to  perform  basic  M092  prerun  observer  activity. 
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namely,  the  number  of  instances  that  time  for  the 
first  in-flight  trial  was  greater  than  that  for  the 
last  preflight  trial,  and  vice  versa.  The  results  are 
found  in  table  16-1.  Thus,  in  the  Skylab  2 mission. 

Table  16-1. — In-flight  (I)  Element  Time  (First 
Trial)  Compared  with  Corresponding  Preflight 
(P)  Element  Time  (Last  Trial)  for  the  Skylab 
Missions 


Skylab 

mission 

i>p 

P>I 

Percent 

(I>P) 

2 

95 

> (36) 

44 

(19) 

68 

(64) 

3 

61 

(32) 

52 

(21) 

54 

(60) 

4 

94 

(37) 

66 

(32) 

58 

(64) 

Total 

250 

(105) 

162 

(72) 

61 

(59) 

^ FifiTures  in  parenthesis  refer  to  Basic  Elements  only. 


95  elements  took  longer  to  complete  in-flight  than 
preflight.  For  44  elements,  the  situation  was  re- 
versed. In  68  percent  of  the  cases,  then,  the  first 
inflight  trial  took  longer  than  the  last  preflight 
trial. 

Although  the  effect  was  not  so  pronounced  for 
the  remaining  two  missions,  the  results  were  con- 
sistent. When  the  results  of  the  three  missions 
were  combined,  it  was  observed  that  61  percent  of 
the  first  in-flight  trials  took  longer  than  the  cor- 
responding last  preflight  trials. 

Data  in  parentheses  refer  to  Basic  Elements. 
As  shown  in  the  table,  percentages  based  on  the 
basic  elements  appeared  more  consistent  from 
mission  to  mission  while  summary  results  based 
on  all  three  missions  yielded  almost  identical  per- 
centages (59  versus  61). 
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Figure  16—4. — ^Time  to  perform  basic  M092  postrun  observer  activity. 
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The  elements  were  also  categorized  into  three 
classes  representing  tasks  requiring  fine,  medium, 
and  gross  motor  dexterity.  Because  of  the  consist- 
ency of  results  from  mission  to  mission,  the  data 
were  combined  across  the  three  missions.  The  basic 
comparisons,  first  in-flight  versus  last  preflight, 
were  thus  available  for  the  three  types  of  motor 
activity  involved  in  task  performance.  These  are 
presented  in  table  16-11. 

Table  16-11. — Comparison  of  Preflight  and  In- 
flight Performance  Times  for  Elements 
Categorized  into  Fine,  Medium,  and  Gross  Mo- 
tor Activity  Classes 


Type  of 
motor  activity 
involved 

First  in-flight 
> last 
pre  flight 

First  in-flight 
< last 
pre  flight 

Percent 

(I>P) 

Fine 

83 

49 

63 

Medium 

122 

81 

60 

Gross 

39 

30 

57 

Although  the  first  in-flight  trial  generally  took 
longer  than  the  last  preflight  trial,  a result  estab- 
lished in  the  previous  analyses,  the  percent  in- 
crease was  most  pronounced  for  fine  motor 
activity,  less  so  for  medium  and  least  for  gross 
motor  activity.  The  percentage  differences  are 
small  and  insignificant  but  the  systematic  decre- 
ment is  important.  Such  a decrement  would  re- 
inforce the  debriefing  comments  of  the  astronauts 
who  reported  that  the  control  of  small  objects 
caused  more  difficulty  than  the  control  of  larger 
masses. 

Return  to  Preflight  Baseline. — It  has  been  noted 
that  the  first  in-flight  trial  generally  took  longer 
to  perform  than  the  last  preflight  trial  of  the  same 
task.  The  question  arose  as  to  how  long  it  would 
take  to  adapt  to  the  Skylab  work  environment,  or 
more  specifically,  how  many  trials  it  would  take 
before  an  in-flight  task  was  done  as  speedily  as  it 
was  on  the  last  preflight  trial.  The  criterion  of 
equivalent  performance  was  taken  to  be  that  par- 
ticular trial  at  which  half  or  50  percent  of  the 
task  elements  were  done  as  speedily  as  in  the  last 
preflight  performance. 

The  sources  for  this  analysis  were  the  activities 
involved  in  experiment  M092  (Prerun  and  Post- 
run, Subject  and  Observer),  Experiment  S073, 
and  Suit  Donning  and  Doffing.  Table  16-III  pre- 
sents the  number  of  activities  which,  at  first  or 


second  in-flight  trial,  were  done  as  rapidly  as  they 
were  on  the  last  preflight  trial.  For  example,  by 
the  end  of  trial  2,  44  of  the  86  elements  on  Skylab 
2 were  completed  within  the  time  taken  on  the  last 
preflight  trial. 

From  an  overall  viewpoint,  the  results  for  the 
three  missions  were  fairly  consistent.  When  the 
elements  were  totaled  across  the  three  missions, 
exactly  half  of  the  elements  returned  to  preflight 
baseline  (last  preflight  trial)  by  the  end  of  the 
second  trial. 


Table  16-III. — Number  of  Elements  Performed 
In-flight  (First  or  Second  Trial)  as  Speedily  as 
on  Last  Preflight  Trial 


Skylab 

mission 

In- flight  time 
> last 
preflight 

In-fliaht  time 
< last 
preflight 

Percent 

(I>P) 

2 

44 

42 

51 

3 

46 

53 

46 

4 

51 

46 

53 

Total 

141 

141 

50 

The  specific  mission  day  on  which  the  criterion 
was  reached  could  not  be  precisely  determined 
since  some  of  the  activities,  such  as  Suit  Don/Doff, 
were  not  scheduled  as  regularly  as  experiment 
M092.  If  one  were  to  take  experiment  M092  as  the 
more  consistent  indicator,  then  the  mission  day 
equivalences  for  the  three  flights  were  as  follows : 


Skylab 

mission 

Mission  day  of 
second  trial 

2 

7th  or  10th  day 

3 

8th  day 

4 

10th  or  11th  day 

In  general,  the  second  trial  of  experiment  M092 
was  scheduled  within  the  second  week  of  the  mis- 
sion. It  was  anticipated,  then,  that  the  crewmen 
should  have  begun  to  feel  adapted  to  their  work 
schedules,  or  should  have  felt  a reduction  of  the 
work  pressure  at  about  this  time.  The  debriefing 
comments  were  not  altogether  clear  on  this  point. 
For  example,  the  Skylab  3 crew  (and  the  Skylab 
2 crew  to  some  extent)  indicated  that  the  critical 
point  in  adaptation  occurred  in  the  vicinity  of  10 
days.  As  for  the  Skylab  4 crew,  one  member  men- 
tioned a period  of  a week  or  two,  another  a period 
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of  a month  or  so.  From  an  objective  viewpoint, 
however,  the  data  suggested  a point  in  time  some- 
where in  the  vicinity  of  a week  or  two. 

The  time  period  mentioned  above  was,  in  many 
respects,  an  artifact  of  work-schedule  planning. 
There  was  some  evidence  in  the  data  to  indicate 
that  trials  were  more  important  than  mission 
days  in  the  evaluation  of  adaptation  to  task  or 
work  performance.  It  has  been  observed  that  by 
the  second  trial,  whether  performed  on  the  same 
day  or  a week  later,  the  time  tended  to  approxi- 
mate that  obtained  on  the  last  preflight  trial. 

In  summary,  the  time  to  perform  a task  on  the 
second  in-flight  trial  tended  to  approach  the  base- 
line time  of  the  last  preflight  trial.  For  short 
missions,  then,  the  early  repetition  of  tasks  criti- 
cal for  mission  success  would  seem  to  be  the  most 
effective  allocation  of  in-flight  work  activities. 

Pattern  of  Task  Performance, — It  was  antici- 
pated that  some  tasks  would  be  done  differently 
in  the  zero-g  environment  than  under  the  one-g 
training  conditions.  In  particular,  it  was  expected 
that  the  pattern  of  in-flight  work  activity  would 
differ  from  that  exhibited  in  preflight  training. 
For  the  present  analysis,  the  basis  for  differentiat- 
ing preflight  from  in-flight  work  patterns  was  the 
order  in  which  the  elements  of  a task  were  per- 
formed. The  standard  was  the  order  determined 
by  the  checklist.  Against  this  standard  were  com- 
pared the  orders  in  which  the  elements  were 
performed  in-flight  and  in  training.  A measure  of 
how  closely  these  orderings  corresponded  to  the 
standard  was  obtained  by  the  Spearman  Rank 
Difference  Correlation  Coefficient. 

The  following  four  tasks  associated  with  experi- 
ment M092  were  used  in  the  analyses : 


Prerun  Subject 
Prerun  Observer 
Postrun  Subject 
Postrun  Observer 


(15  element  array) 
(27  element  array) 
(15  element  array) 
(12  element  array) 


As  an  example  of  a typical  array,  the  checklist 
ordering  of  elements  in  the  Prerun  Subject  task 
follows : 


1.  Translate  to  Waste  Management  Compart- 

ment from  Data  Acquisition  Camera — 
Remote  Control. 

2.  Unstow  harness  and  sponges. 

3.  Clip  harness  to  garment. 


4.  Prepare  vectorcardiograph  harness. 

5.  Don  vectorcardiograph  harness. 

6.  Attach  Body  Temperature  Measurement 

System  cable  to  harness. 

7.  Translate  to  Lower  Body  Negative  Pressure 

Device  from  Waste  Management  Com- 
partment. 

8.  Open  seal  zipper  fully. 

9.  Adjust  plates. 

10.  Ingress  Lower  Body  Negative  Pressure 

Device. 

11.  Mate  vectorcardiograph  to  Subject  Inter- 

face Box  on  Lower  Body  Negative  Pres- 
sure Device. 

12.  Close  plates. 

13.  Zip/adjust  seal. 

14.  Fasten/adjust  seat  belt. 

15.  Don  Blood  Pressure  Measurement  System. 

Spearman  correlation  coefficients  were  com- 
puted for  each  trial  of  each  crewman  in  his  capac- 
ity as  subject  or  observer.  Since  number  of  trials 
differed  in-flight  and  in  training,  the  number  of 
coefficients  for  these  conditions  also  differed. 
Table  16-IV  presents  the  preflight  and  in-flight 


Table  16-IV. — Median  Preflight  and  In-flight 
Spearman  Coefficients  for  the  Three  Skylab 
Missions 


Skylab 

mission 

Pre  flight 

In-flight 

No, 

median  “r” 

No, 

median  “r” 

2 

40 

0.982 

32 

0.976 

3 

30 

.978 

43 

.961 

4 

49 

.982 

53 

.929 

median  correlation  coefficients  '^r’’  for  the  three 
Skylab  missions.  In  general,  the  median  preflight 
coefficients  were  larger  than  the  in-flight  coeffi- 
cients for  all  three  missions.  The  results  indicated 
that  the  crewmen  performed  preflight  tasks  more 
in  line  with  the  checklist  order  than  they  did 
in-flight.  The  result  made  sense  in  that  a crewman 
was  more  likely  to  follow  instructions  much  more 
closely  during  training  than  after  having  mastered 
the  task.  Once  mastery  was  achieved  he  could  with 
more  confidence  experiment  with  better  ways  of 
doing  the  task.  In  addition,  the  crewman's  weight- 
lessness and  the  weightlessness  of  the  masses  he 
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was  handling  made  it  more  likely  for  his  work 
pattern  to  change. 

Another  trend  was  also  apparent  in  the  data. 
Whereas  the  preflight  coefficients  remained  rela- 
tively the  same  for  each  mission,  the  magnitude  of 
the  in-flight  coefficients  diminished  steadily  from 
the  first  to  the  last  mission.  This,  too,  was  a rea- 
sonable result  in  view  of  the  general  transmission 
of  information  from  one  crew  to  another.  In  par- 
ticular, any  new  and  efficient  methods  of  perform- 
ing in-flight  tasks  were  always  transmitted  to  the 
crews  of  subsequent  missions.  Such  methods  would 
have  very  likely  involved  the  ordering  of  elements 
comprising  a task. 

Despite  the  differences  noted  between  the  pre- 
flight and  in-flight  coefficients,  both  sets  were  of 
high  magnitude.  Coefficients  of  such  magnitude 
indicated  that  the  order  in  which  the  elements  of  a 
task  were  performed,  preflight  or  in-flight,  ad- 
hered relatively  close  to  the  order  prescribed  by 
the  checklist. 

The  Spearman  coefficients  were  analyzed  also 
in  terms  of  the  function  the  crewman  performed, 
namely,  whether  as  subject  or  as  observer.  Table 
16-V  presents  the  median  coefficients  for  these 


Table  16-V. — Median  Spearman  Coefficients  for 
Subject  and  Observer,  Preflight  and  In-flight 
for  Skylab  Missions  2,  3,  and  U 


Skylab  mission 

Role 

Pre  flight 

In-flight 

2 

Subject 

0,994 

1.000 

Observer 

0.952 

0.935 

3 

Subject 

.992 

.988 

Observer 

.968 

.954 

4 

Subject 

.982 

.928 

Observer 

.972 

.938 

Across  all 

Subject 

.991 

.964 

missions 

Observer 

.963 

.943 

crewman  roles,  preflight  and  in-flight,  for  the  three 
missions.  The  data  indicated  not  only  that  the  pre- 
flight and  in-flight  differences  were  consistent 
across  the  new  subdivisions  but  that  there  was  a 
strong  trend  for  the  Subject  coefficient  to  be 
higher  in  magnitude  than  the  Observer  coeffi- 
cients. These  results  flowed  directly  from  the  roles 
assumed  by  the  crewmen.  The  subject,  once  in  or 
attached  to  an  instrument,  was  constrained  by 
the  sequential  functioning  of  the  mechanical  sys- 


tem much  more  rigidly  than  was  the  observer 
whose  options  were  more  numerous  because  of  his 
role  in  the  experiment. 

In  summary,  the  sequential  pattern  of  a task  as 
described  in  the  checklist,  was  more  rigidly  ad- 
hered to  in  training  than  in-flight.  Further,  subject 
activity  adhered  to  the  checklist  order  more  closely 
than  observer  activity  because  of  the  constraints 
of  the  instrumental  system  to  which  the  subject 
was  attached. 

Suit  Donning  Results 

Suit  donning  is  of  vital  concern  to  crew  safety 
and  operation  during  extravehicular  activity.  In 
addition,  this  activity  (as  well  as  suit  doffing)  has 
always  been  of  interest  to  M151  investigators  be- 
cause it  requires  the  full  scope  of  the  crewmen’s 
capabilities  from  fine  motor  dexterity,  such  as  the 
precise  alignment  of  connectors,  to  gross  activi- 
ties such  as  placing  the  helmet  and  gloves  for  later 
use.  Crewman  interaction  is  also  involved,  pri- 
marily during  the  zipper  closures  of  the  pressure 
garment  assemblies.  As  the  later  crews  studied  the 
M151  films  of  the  earlier  crews,  it  was  anticipated 
that  significant  changes  in  method  from  crew  to 
crew  would  develop.  Suit  donning  was  nominally 
to  be  performed  early,  middle,  and  late  in  the  mis- 
sion on  Skylab  3 and  Skylab  4,  thus  providing  some 
indication  of  zero-g  adaptation. 

The  Skylab  crewmen  wore  their  suits  for  many 
different  types  of  training  in  preparation  for  their 
respective  missions.  In  most  cases,  they  received 
assistance  from  suit  technicians  in  donning  and 
doffing  the  suits  and  as  a result  had  a minimal 
number  of  training  sessions  where  they  actually 
simulated  the  donning  and  doffing  procedures  re- 
quired for  the  Apollo  Telescope  Mount  extravehic- 
ular activities.  However,  from  the  exposure  of 
having  the  suits  custom-fitted  and  from  having 
the  suits  on  for  various  exercises,  the  crewmen 
became  familiar  with  the  components  required  for 
extravehicular  activity.  During  Skylab  training, 
a maximum  of  only  four  extravehicular  activity 
suit  donning  (and  doffing)  sessions  were  recorded 
by  M151  for  any  crew.  Table  16-VI  presents  a 
summary  of  Skylab  preflight  training,  with  total 
time  shown  for  21  basic  (and  common)  elements 
which  must  occur  in  the  suit  donning  activity. 
The  performance  number  refers  to  the  crewmen 
donning  the  suit. 
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Figure  16-5  presents  the  graphs  of  the  aver- 
aged data  in  table  16-VI.  The  outstanding  char- 
acteristic of  the  three  functions  is  the  terminal 
point,  the  time  for  the  last  training  session  before 
flight.  Whatever  the  differences  in  the  initial  train- 
ing sessions,  and  these  were  large  among  the  three 
crews,  the  final  training  performance  required 
about  the  same  amount  of  time  (800-850  seconds) 
for  the  different  crews.  Although  there  was  some 
inconsistency  in  the  pairing  of  crewmen  during 
the  training  sessions,  it  was  felt  that  this  had  a 
minimal  impact  on  the  total  times.  There  is  cer- 
tainly every  indication  that  proficiency  consistently 
improved. 
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Figure  16-5. — Prefliglit  suit  donning  average  time.  (Sum 
of  basic  elements.) 


Although  all  three  crewmen  donned  the  pressure 
garment  assemblies  prior  to  each  extravehicular 
activity,  only  the  two  crewmen  who  would  actually 
perform  the  extravehicular  activity  donned  the 
necessary  items  specific  to  extravehicular  activity. 
The  third  crewman  did  gain  the  additional  experi- 
ence of  donning  and  doffing  the  basic  part  of  the 
suit  but  did  not  participate  to  the  extent  of  the 
two  extravehicular  activity  crewmen.  The  per- 
formance number  alluded  to  in  this  section  refers 
to  an  assignment  as  extravehicular  activity  crew- 
man. 

Table  16-VII  and  a figure  16-6  which  follow 
summarize  the  in-flight  suit  donning  perform- 


ances. Only  one  performance  (on  mission  day 
25)  was  filmed  for  Skylab  2,  but  it  was  the  second 
time  the  Commander  had  donned  his  suit  prior  to 
extravehicular  activity,  while  it  was  the  first  suit 
donning  for  the  Pilot  as  an  extravehicular  activity 
crewman.  An  earlier  extravehicular  activity  on 
mission  day  14,  involving  the  Commander  and 
Scientist  Pilot,  was  required  on  Skylab  2 during 
which  the  Pilot  performed  a non-extravehicular 
activity  suit  don.  Three  trials  were  recorded  dur- 
ing each  Skylab  mission  3 and  4,  but  not  always 
with  the  same  pair  of  crewmen.  The  effect  of  total 
number  of  perfonnances,  difficulties  (on  Skylab 
4)  with  the  zipping  operation  because  of  snug- 
fitting  suits,  occasional  intrusions  of  the  non- 
extravehicular  activity  crewmember  into  the 
operation,  and  the  small  number  of  observations, 
created  difficulties  in  identifying  relationships  be- 
tween the  timing  (number  of  months  or  days, 
before  launch)  of  training  sessions  and  the  timing 
of  in-flight  performances. 

Large  differences  were  found  in  the  average 
times  of  extravehicular  activity  crewmen  for 
the  last  performances:  669,  740,  and  910  seconds 
respectively.  These  differences  are  probably  due  to 
factors  other  than  the  effect  of  training  schedules, 
adaptation  to  zero-gravity,  learning,  et  cetera. 
Suit  fit,  for  example,  could  have  obvious  effects  on 
the  time  required  to  don  the  pressure  garment 
assembly.  This  may  be  the  reason  that  the  Sky- 
lab 4 crewman  took  longer  to  don  the  pressure 
garment  assembly  late  in  the  mission.  In-flight 
anthropometric  data  (ch.  32)  from  Skylab  4 indi- 
cates that  the  heights  of  the  crewmen  signifi- 
cantly increased  over  the  course  of  the  mission 
and  that  the  greater  part  of  this  increase  was  in 
the  upper  torso.  This,  then,  would  explain  the 
much  longer  time  required  to  zip  the  pressure 
garment  assembly,  a fact  which  M151  data  dis- 
closed. Correlation  of  the  results  of  the  an- 
tropometric  findings  and  M151  were  further 
substantiated  by  Skylab  4 crew  comments  in  their 
postflight  debriefings. 

On  Skylab  4 mission  day  7,  the  Scientist  Pilot 
and  Pilot  donned  their  suits  (see  table  16-VII) 
with  considerable  difference  in  time  required;  1192 
seconds  for  the  Scientist  Pilot  and  818  seconds  for 
the  Pilot.  During  this  extravehicular  activity 
preparation  the  Pilot  seldom  used  the  portable 
foot  restraint  while  donning  his  own  suit.  He  ac- 
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Table  16— VI. — EVA  Suit  Donning  Training  Summary 
(Sum  of  Basic  Elements) 


Sky  la  b 
mission 

Perform, 

No. 

Time  to 
launch 
(months) 

Crewman 

Assisting 

crewman 

Avg, 

Time 
( seconds) 

2 

1 

9 

CDR^ 

PLT^ 

763 

1 

9 

PLT 

CDR 

1043 

(avg) 

903 

1 

7 

SPT* 

CDR 

1231 

2 

7 

CDR 

PLT 

811 

(avg) 

1021 

2 

3 

SPT 

CDR 

1061 

3 

3 

CDR 

PLT 

864 

(avg) 

962 

3 

1 

SPT 

CDR 

874 

4 

1 

CDR 

PLT 

715 

(avg) 

795 

3 

1 

11 

CDR 

SPT 

1334 

1 

11 

SPT 

CDR 

1089 

(avg) 

1211 

1 

8 

PLT 

CDR 

912 

2 

8 

CDR 

PLT 

1159 

2 

6 

SPT 

PLT 

1072 

(avg) 

1048 

3 

6 

CDR 

PLT 

1030 

3 

6 

PLT 

CDR 

879 

(avg) 

955 

4 

1.5 

CDR 

PLT 

796 

4 

1.5 

PLT 

CDR 

914 

(avg) 

855 

4 

1 

5 

SPT 

CDR 

N/A 

1 

5 

CDR 

SPT 

N/A 

2 

4 

SPT 

PLT 

1666 

1 

4 

PLT 

SPT 

1194 

(avg) 

1430 

4 

2 

CDR 

PLT 

938 

4 

2 

PLT 

CDR 

730 

(avg) 

834 

* Commander.  ^ pilot.  » Scientist  Pilot. 


complished  the  suit  donning  in  a free-floating 
mode  or  used  his  hands  as  a restraint  system.  Al- 
though it  appeared  difficult  or  awkward,  the  time 
was  31  percent  less  than  that  of  the  Scientist  Pilot 
who  remained  in  the  foot  restraint  while  donning 
his  suit. 

During  the  portion  of  the  suit  donning  task 
where  the  crewmen  assisted  each  other,  the  time 
taken  by  the  “unrestrained”  Pilot  to  zip  the  Scien- 
tist Pilot’s  pressure  garment  assembly  zippers  was 
279  seconds,  while  the  “foot-restrained”  Scientist 
Pilot  took  only  222  seconds  to  zip  the  Pilot’s  zip- 


pers. In  the  first  case  the  Pilot  maneuvered  around 
the  Scientist  Pilot,  using  the  Scientist  Pilot  to  re- 
strain himself,  as  he  perfonned  the  zipping  opera- 
tion. In  the  second  case,  the  Scientist  Pilot  had 
the  Pilot  free-floating  in  front  of  him,  and  turned 
him  as  necessary  to  put  the  zipper  in  the  best 
working  position. 

Although  the  Pilot  took  the  shortest  time  for 
the  total  suit  donning  task,  it  would  appear  that 
in  a two  man  operation,  the  “operator”  should  be 
restrained  when  working  on  a task  that  offers  re- 
sistance such  as  a zipper;  while  restrained  he  is 
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Figure  16—6. — In-flight  suit  donning  average  time,  (Sum 
of  basic  elements.) 


also  in  a better  position  to  control  the  physical 
attitude  of  the  subject. 

Fundamental  Time  Measures 

Camera  Running  Time  and  Basic  Element  Time, 
— In  addition  to  accurate  time  information,  photo- 
graphic methods  also  provided  the  basis  for  under- 
standing why  anomalous  results  could  have  been 
obtained.  Two  time  measures  based  on  photog- 
raphy were  described  in  an  earlier  section — 
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Figure  16—7, — Experiment  M092  prerun  subject  data 
(Skylab  2).  Camera  running  time  vs.  basic  element 
time. 


camera  running  time  and  basic  element  time. 
Although  camera  running  time  was  the  more  com- 
plete measure,  it  also  included  the  timing  of  ac- 
tivities not  necessarily  relevant  to  those  being 
observed  and  measured.  More  limited  in  coverage. 


Table  16-VII. — Extravehicular  Activity  Suit  Donning  In-flight  Summary 

(Sum  of  Basic  Elements) 


Skylab  2 

Skylab  S 

Skylab  k 

Perform. 

No. 

Mission 

day 

Crew- 

man 

Assist 

crew- 

man 

Time 

(sec- 

onds) 

Perform. 

No. 

Mission 

day 

Crew- 

man 

Assist 

crew- 

man 

Time 

(sec- 

onds) 

Perform. 

No. 

Mission 

day 

Crew- 

man 

Assist 

crew- 

man 

Time 

(sec- 

onds) 

1 

14 

CDRi 

CDR 

N/A 

1 

10 

SPT 

PLT* 

1096 

1 

7 

SPT 

PLT 

1192 

1 

14 

SPT 

SPTi 

N/A 

1 

10 

PLT 

SPT 

1094 

1 

7 

PLT 

SPT 

818 

(avg) 

1095 

(avg) 

1005 

1 

25 

PLT 

CDR 

802 

2 

28 

SPT 

PLT 

837 

2 

40 

PLT 

CDR 

N/A 

2 

25 

CDR 

PLT 

536 

2 

28 

PLT 

SPT 

866 

1 

40 

CDR 

PLT 

N/A 

(avg) 

669 

(avg) 

852 

57 

SPT 

CDR 

740 

2 

44 

CDR 

SPT 

1036 

57 

CDR 

SPT 

N/A 

2 

44 

SPT 

CDR 

1057 

(avg)  1046 

3 80  CDR  SPT  980 

3 80  SPT  CDR  840 

(avg)  910 
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2  SPT  Scientist  Pilot. 


apLT  Pilot. 


150 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


basic  element  time  provided  a measure  for  making 
valid  comparisons  between  preflight  and  in-flight 
performance,  between  missions,  and  between 
crewmen. 

Experiment  M092  Prerun  Subject  data  for  the 
three  missions  were  ^ used  to  give  a comparative 
picture  of  the  two  photographic  measures.  Fig- 
ures 16-7  to  16-9  present  the  data  for  the  three 
missions.  The  most  readily  observable  characteris- 
tic of  basic  element  time  was  its  consistency  and 
stability  in  contrast  to  the  wide  variations  ex- 
hibited in  camera  running  time.  This  may  be 
observed  most  clearly  in  the  respective  graphs  of 
the  Skylab  2 Pilot  (fig.  16-7),  the  Skylab  3 Pilot 
(fig.  16-8),  and  the  preflight  graph  of  the  Skylab 
4 Pilot  (fig.  16-9).  Despite  the  lower  values  ob- 


tained with  the  basic  element  time  measure,  it  was 
a sensitive  and  realistic  indicator  of  changes  in 
the  adaptation  function.  As  an  example  of  the 
value  of  basic  element  time,  attention  is  directed 
to  the  two  curves  for  the  preflight  performance  of 
the  Pilot  of  Skylab  3 (fig.  16-8) . The  upper  curve, 
representing  camera  running  time,  would  have  in- 
dicated that  performance  became  worse  with  prac- 
tice. Basic  element  time,  on  the  other  hand, 
presented  a more  realistic  picture  of  the  adapta- 
tion function. 

Both  time  measures,  camera  running  time  and 
basic  element  time,  served  important  functions  in 
the  analyses  of  crewman  task  and  work  activities. 
Camera  running  time  provided  a basis  for  explain- 
ing unusual  and  unexpected  results  by  isolating 
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Figure  16-8. — Experiment  MQ92  prerun  subject  data  (Skylab  3),  Camera  running  time 

vs.  basic  element  time. 


TIME  AND  MOTION  STUDY — EXPERIMENT  M151 


151 


and  identifying  nonrelevant  perturbations  intrud- 
ing on  the  efficient  performance  of  a task.  Basic 
element  time  served  as  the  fundamental  compara- 
tive measure  and  helped  in  identifying  the  nature 
of  the  differences  in  performance — in-flight  and 
preflight,  between  missions,  and  between  crewmen. 

Voice /Telemetry  as  a Method  of  Data  Acquisi- 
tion,— Because  of  film  restrictions,  it  was  not  pos- 
sible to  photograph  the  totality  of  trials  compris- 
ing each  of  the  Ml  51  experiments  on  the  Sky  lab 
missions.  A procedure  was  devised  to  sample 
those  trials  most  critical  to  Ml 51  objectives.  The 
partial  but  carefully  sampled  data  were  used  to 
generate  the  adaptation  function  which  served  as 
the  basis  for  estimating  data  points  not  sampled 
by  M151  film  procedures. 

Data  for  the  complete  set  of  trials  would  have 


been  highly  desirable ; they  were,  however,  unob- 
tainable because  of  the  limited  amount  of  film 
available  to  M151. 

The  cooperation  of  the  Skylab  4 crew  was  ob- 
tained to  gather  and  report  data  on  the  perform- 
ance of  tasks  done  repeatedly  and  regularly  over 
the  entire  84-day  mission.  This  involved  the  major 
medical  experiments:  M092,  Lower  Body  Negative 
Pressure;  M093,  Vectorcardiogram;  and  M171, 
Metabolic  Activity.  These  experiments  were 
scheduled  back-to-back  in  combinations  of  M092/ 
M093  or  M092/M171  and  were  performed  within 
3-  or  4-day  cycles  with  each  crewman  as  subject. 
The  result  was  that  virtually  every  mission  day 
from  day  5 to  day  83  had  at  least  one  of  the  com- 
binations M092/M093  or  M092/M171  as  part  of 
the  daily  flight  plan.  The  only  exceptions  were  the 
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Figure  16—9. — Experiment  M092  prerun  subject  data  (Skylab  4).  Camera  running  time 

vs.  basic  clement  time. 
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days  the  crewmen  rested  or  performed  extrave- 
hicular activity.  Also  twice  during  the  mission, 
two  major  medical  runs  were  made  in  the  same 
day  to  free  another  day  for  multiple  Earth  Re- 
source passes.  Although  subjects  were  scheduled 
on  a regular  basis,  this  was  not  the  case  for  the 
observers.  By  the  end  of  Skylab  4,  the  Commander 
was  the  observer  for  experiment  M092  a total  of 
26  times,  the  Pilot  a total  of  23  times,  and  the 
Scientist  Pilot  only  18  times. 

Performance  time  was  obtained  from  the  voice 
records  and  these  indicated  the  points  at  which 
crewmen  began  or  finished  a task.  In  the  course 
of  the  experiment,  telemetry  automatically  re- 
corded other  events,  such  as  calibrations,  and 
these  time  points  provided  a check  on  possible 
discrepancies  in  the  voice  records. 

No  attempt  was  made  to  factor  out  anomalies 
or  task  interruptions  present  during  the  nominal 
run  of  the  experiment.  Interruptions  caused  by 
air-to-ground  communications  or  other  crewmen 
were  considered,  in  the  present  analysis,  as  part  of 
the  total  time  required  to  perform  the  task.  Other 
factors,  however,  not  associated  with  the  experi- 
ment proper,  were  eliminated  from  the  tape- 
recorded  time  interval  assigned  to  the  experiment. 
These  were  the  special  tests  which  were  intro- 
duced late  in  Skylab  missions  3 or  4.  They  included 
Limb  Blood  Flow,  Leg  Blood  Pressure,  Facial 
Photos  and  Anthropometric  Measurements  to 
study  body  fluid  shifts,  venous  compliance  (chs. 
31,  32),  and  changes  in  body  size  due  to  prolonged 
exposure  to  zero  gravity  (ch.  22).  In  some  tests, 
such  as  Limb  Blood  Flow,  the  time  required 
could  be  factored  out  on  the  basis  of  telemetry 
associated  with  the  test.  In  others,  an  estimate 
was  determined  from  baseline  data  or  from  in- 
flight photos  taken  from  M151  data.  Early  in  Sky- 
lab 4,  the  special  tests  had  significant  impact  on 
performance  because  the  crew  had  little  or  no 
training  on  these  tests  prior  to  flight. 

Accurate  Voice/Telemetry  data  across  the  three 
Skylab  missions  were  available  in  only  one  seg- 
ment of  the  M092/M093/M171  complex  of  activi- 
ties. The  segment  consisted  of  those  activities 
following  the  completion  of  M092  data  collection 
up  to  the  point  when  M171  data  acquisition  was 
begun.  In  sequence,  these  activities  included: 

Time  Count — Stop  (End  of  M092) 


Cuff /Inflate — Stop /Reset 
Perform  Hi-Calibration— (Hold  20--25 
seconds) 

System  Select — Off 

Tape  Recorders — Off 

Data  Acquisition  Camera — On  (If  required) 

Open  Marmon  Clamp  and  Lower  Body  Nega- 
tive Pressure  Device 

Remove  Legbands  and  Reference  Adaptor 
from  Subject 

Close  Lower  Body  Negative  Pressure  Device 
and  Secure  Marmon  Clamp 

Begin  Metabolic  Activity  Calibration  Check 

Configure  Experiment  Support  Systems  for 
M171  Data 

Electrode  Impedance  Check 

Perform  Hi-Calibration  (Hold  20-25  seconds) 

Vital  Capacity  Calibration  (If  required) 

Vital  Capacity  Measurements  (3  trials) 

Time  Count — Start  (M171  Data  Collection) 

The  time  interval  between  the  two  time  counts 
was  used  to  compute  averages  for  the  three  crew- 
men acting  as  observers  in  each  of  the  Skylab 
missions.  These  data  are  presented  in  graphic 
form  in  figure  16-10.  For  two  of  the  Skylab 
missions,  2 and  4,  and  partially  for  the  third 
(Skylab  3)  the  graphs  demonstrate  the  charac- 


Ficure  16-10.  Experiment  M092  and  to  M171  start.  (Ob- 
server activity — 3 crewman  average.) 
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teristic  features  of  the  adaptation  function:  high 
initial  values  and  a progressive  decrement  over 
the  course  of  the  experiment. 

The  Skylab  2 graph  was  smoothest  and  most 
regular,  uniformly  lower  than  the  others  over  the 
six  trials,  and  decreasing  at  a relatively  slow  rate. 
Of  the  three  graphs,  it  also  suggested  the  most 
consistent  performance. 

The  Skylab  4 graph,  on  the  other  hand,  began 
at  a much  higher  level  and  descended  in  a rapid 
but  irregular  manner  over  seven  trials.  A sharp 
increase  at  the  eighth  trial  reversed  the  trend 
momentarily.  The  rapid  descent  continued  for  the 
last  three  trials,  of  which  the  last  two  took  sub- 
stantially less  time  because  the  Skylab  4 crew  had 
completed  some  of  the  required  activity  before 
the  time  period  for  which  it  was  scheduled.  The 
last  two  points,  then,  did  not  validly  indicate  the 
times  for  the  corresponding  trials. 

The  data  from  the  Skylab  3 crew  exhibited  two 
radically  different  trends.  For  the  first  half  of  the 
mission,  trials  1 through  5,  the  graph  was  a 
classic  representation  of  the  adaptation  function. 
A sharp  increase  at  trial  6 introduced  a relatively 
stationary  level  of  performance  for  the  remainder 
of  the  mission,  a level  uniformly  and  substantially 
higher  than  that  at  which  the  other  two  crews 
were  performing.  The  explanation  of  this  anoma- 
lous segment  of  the  graph  is  not  readily  apparent. 
Although  it  was  well  known  that  the  M092/ 
M093/M171  sequence  of  activities  was  not  popu- 
lar with  the  Skylab  crewmen,  the  Skylab  3 crew 
were  most  direct  and  explicit  in  expressing 
their  feelings.  They  felt  it  was  boring,  menial, 
and  nonproductive  of  at  least  one  person's  time. 
It  may  well  be  that  these  feelings  crystallized 
midway  during  the  mission  with  a correlative 
loss  of  motivation  and  a consequent  loss  of  effi- 
ciency. 

In  summary,  Voice/Telemetry  data  were  a val- 
uable adjunct  in  the  evaluation  of  task  perform- 
ance. When  the  tasks  were  done  in  a nominal 
manner,  Voice/Telemetry  gave  a valid  estimate 
of  the  actual  time  expended  during  the  perform- 
ance of  the  task.  The  drawback  in  using  Voice/ 
Telemetry  was  that  the  measure  also  included 
everything  else  that  happened  within  that  time 
period  even  though  it  may  have  had  no  definite 
relation  to  the  task  at  hand.  Voice/Telemetry 
data  also  failed  to  correct  for  such  unusual  situ- 


ations as  demonstrated  in  the  last  two  perform- 
ance trials  of  the  Skylab  4 crew. 

Performance  Late  In  Mission 

An  important  objective  of  experiment  Ml 51 
was  to  examine  the  performance  late  in  the  mis- 
sion for  signs  of  anomalous  performance  due  to 
the  long  exposure  in  the  Skylab  environment. 
In  terms  of  the  adaptation  function  an  anomalous 
result  would  be  either  a significant  increase  in 
time  to  perform  tasks  or  a significant  increase  in 
variability  towards  the  latter  part  of  the  mission. 

To  determine  whether  these  two  effects  were 
operating  on  the  Skylab  4 mission,  the  voice/ 
telemetry  data  for  M092,  M171,  and  M093  were 

divided  into  thirds;  the  initial  third,  the  middle 
third,  and  the  final  third  of  the  Skylab  4 mission. 
These  data,  in  the  form  of  means  and  standard 
deviations,  are  presented  in  table  16-VIII. 

As  the  data  in  the  table  indicate,  the  means 
for  the  initial,  middle,  and  final  portions  of  the 
mission  decreased  steadily  for  the  three  experi- 
ments. The  standard  deviations  decreased  sharply 
from  the  initial  third  to  the  middle  third  and  be- 
came stabilized  at  about  this  period  of  the  mis- 
sion. The  slight  increases  in  standard  deviation 
from  the  middle  to  final  third  for  experiments 
M092  and  M171  could  be  considered  as  random 
variations  about  a relatively  stable  level.  Some 
substantiation  for  this  conclusion  can  be  found  in 
the  standard  deviations  observed  in  experiment 
M093  where  there  was  a decrement  from  the  mid- 
dle to  the  final  third. 

In  summaiy,  then,  there  was  no  significant 
evidence  for  deterioration  of  performance  on  Sky- 
lab 4 as  the  mission  approached  its  culmination. 
As  a matter  of  fact,  performance  continued  to 
improve  while  variability  did  not  increase  signifi- 
cantly during  the  final  third  of  the  Skylab  4 
mission. 

Conclusions 

The  fundamental  results  from  the  above  analy- 
ses can  be  summarized  in  several  brief  conclusions. 

Despite  pronounced  variability  in  training 
schedules  and  in  initial  reaction  to  the  Skylab 
environment,  in-flight  task  performance  was 
relatively  equivalent  among  the  three  Skylab 
crews. 
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Table  16-VIII. — Means  and  Standard  Deviations  of  Task  Performance  for 
the  Initial,  Middle,  and  Final  Thirds  of  the  Skylab  4 Mission 


Experiment 

Initial  third 

Middle  third 

Final  third 

X 

SD 

X 

SD 

X 

SD 

M092 

"34.7 

6.3 

27.2 

2.8 

23.3 

3.1 

M171 

30.2 

5.4 

19.0 

2.4 

15.9 

2.9 

M093 

14.9 

2.9 

10.7 

1.6 

9.7 

1.2 

^ In  minutes. 


Behavioral  performance  continued  to  improve 
from  beginning  to  end  of  all  Skylab  missions. 

There  was  no  evidence  of  performance  deteri- 
oration that  could  be  attributed  to  the  effects 
of  long-duration  exposure  to  the  Skylab  en- 
vironment. 

The  first  in-flight  performance  of  a task  gener- 
ally took  a longer  period  of  time  than  the  last 
preflight  performance.  The  longer  perform- 
ance time  could  be  the  result  of  a number  of 
factors — stress  of  last-minute  flight  prepara- 
tions, change  to  zero-g  Skylab  environment, 
greater  care  and  caution  in  the  performance 
of  in-flight  tasks,  and  experience  of  work 


overload  during  the  early  period  of  the  mis- 
sion. 

Performance  adaptation  was  very  rapid.  By 
the  end  of  the  second  performance  trial, 
about  50  percent  of  all  task  elements  were 
completed  within  the  time  observed  for  the 
last  preflight  trial. 

The  pattern  of  work  performance  changed 
more  in-flight  than  it  did  during  preflight 
performance. 

Three  fundamental  time  measures,  i.e.,  Basic 
Element  Time,  Camera  Running  Time,  and 
Voice/Telemetry  Time,  were  shown  to  have 
specific  application  in  situations  relevant  to 
their  use. 
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SOON  AFTER  REACHING  ORBIT  several  crewmem- 
bers of  both  Apollo  and  Skylab  flights  (as 
well  as  Russian  cosmonauts)  have  reported  symp- 
toms of  malaise  or  stomach  discomfort,  occasion- 
ally reaching  the  point  of  vomiting.  While  these 
symptoms  have  always  disappeared  after  a few 
days,  they  have  generated  some  concern  about  the 
ability  of  crewmen  to  work  elfficiently  in  the  first 
few  days  of  a space  mission.  This  is  a particularly 
important  consideration  for  Shuttle  operations, 
since  many  flights  will  probably  be  limited  to 
about  7 days  in  orbit,  until  a sufficient  number  of 
Orbiters  are  available  to  allow  longer  periods  in 
space. 

Methods  and  Data 

Skylab  data  may  allow  a reasonably  objective 
analysis  of  crew  efficiency  to  be  made  during  the 
first  few  days  in-flight  since  an  ‘‘activation 
schedule  was  prepared  preflight  for  each  crew.  A 
rather  close  accounting  was  made  to  the  ground 
controllers  as  the  activation  tasks  were  completed, 
as  well  as  an  accounting  of  any  additional  work 
accomplished  that  had  not  been  scheduled  pre- 
flight. Part  of  the  concern  about  crew  efficiency 
has  arisen  because  some  of  the  scheduled  activa- 
tion tasks  were  delayed.  However,  it  is  essential 
to  consider  the  added  tasks  required  for  “trouble 
shooting,’’  before  the  true  picture  of  efficiency 
can  be  evaluated.  The  basic  data  reported  here 
has  been  collected  by  G.  Doerre,  J.  Arbet,  and 
S.  Graham  from  the  records  of  each  of  three 
Skylab  missions  ^ As  Doerre  was  also  responsible 
for  the  “activation”  phase  crew  training  prior  to 

“NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


launch,  he  and  his  associates  are  most  familiar 
with  the  individual  tasks  that  are  listed  below. 

Perhaps  the  most  useful  portion  of  their  data 
for  this  study  is  the  tabulation  of  “activation 
tasks  accomplished”  on  each  of  the  first  few  days 
after  rendezvous  with  the  Skylab  for  each  of  the 
three  crews.  These  tables  list  individual  tasks 
completed  by  each  of  the  three  crewmembers, 
with  the  time  investment  estimated  to  the  nearest 
5 minutes.  These  estimates  are  based  on  the  time 
it  took  for  a trained  crewman  to  perform  each 
task  in  preflight  training  at  the  Johnson  Space 
Center.  Although  not  exact,  it  has  been  the  gen- 
eral consensus  of  crewmembers  that  the  times 
allotted  are  reasonable.  The  tasks  listed  are  in- 
tended to  include  all  the  useful  work  accom- 
plished, excluding  food  preparation,  eating, 
sleeping,  rest  periods,  personal  hygiene,  and  house- 
keeping activities.  As  an  example  of  the  depth 
of  detail,  the  table  for  Skylab  3 (the  second 
manned  mission)  is  attached  as  exhibit  A. 

The  total  time  accumulated  each  day  in  “activa- 
tion tasks  accomplished"  divided  by  the  number 
of  “man-hours  available”  for  work  will  be  defined 
as  the  efficiency  ratio,  E.R.  The  “man-hours  avail- 
able” is  simply  a measure  of  the  total  crew  time 
awake  during  the  activation  phase  of  each 
flight.  If  every  waking  moment  was  spent  on 
activation  tasks  or  repairs,  this  ratio  would  be 
unity.  However,  since  the  many  essential  tasks  of 
food  preparation,  eating,  sleeping,  personal  hy- 
giene, and  housekeeping  are  excluded,  the  effi- 
ciency ratio  will  obviously  be  less  than  one.  In 

‘ Personal  communications  received  via  J.  W.  Bilodeau, 
April  30,  1974,  entitled,  “Skylab  Activation  ‘As  Flown' 
data.” 
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fact,  if  we  consider  a normal  day  here  on  Earth 
to  contain  16  hours  awake,  split  evenly  between 
useful  work  (8  hours)  and  other  ‘‘overhead^'  or 
housekeeping  functions,  this  day  would  have  an 
efficiency  ratio  of  0.5  by  our  definition.  Justifica- 
tion for  this  definition  of  E.R.  will  be  provided 
a little  later.  Table  17-1  shows  the  activation 
man-hours  accomplished  for  each  crew  on  each 
applicable  mission  day,  through  mission  day  4, 
and  also  the  number  of  man-hours  available  on 
each  day.  From  these  data  the  efficiency  ratio 
may  be  obtained,  as  is  shown  in  table  17-1  and 
figure  17-1. 

Some  explanation  of  the  table  entries  is  re- 
quired. The  first  mission  crew  (Skylab  2)  had  a 
larger  activation  task  than  succeeding  missions; 
they  were  scheduled  for  3 full  days  of  activation, 
starting  on  mission  day  2.  The  next  two  crews 
were  scheduled  only  for  about  2.5  days  each.  For 
the  second  crew  (Skylab  3),  the  activities  were 
begun  on  mission  day  1,  after  launch  and  rendez- 
vous were  completed.  The  third  crew  remained  in 
the  Command  Module  on  mission  day  1 and  were 
scheduled  to  begin  activation  on  mission  day  2. 
Therefore,  only  halfdays  are  shown  under  man- 
hours available  for  Skylab  3 on  mission  day  1 
and  Skylab  4 on  mission  day  4.  A somewhat  ab- 
breviated activation  day  was  also  scheduled  pre- 
flight for  Skylab  3 on  mission  day  3.  The  entries 
under  man-hours  accomplished  were,  of  course, 
accumulated  only  in  these  available  hours. 

From  these  data  it  may  be  seen  that  on  7 of  the 
9 activation  days,  the  efficiency  ratio  average  was 
just  over  0.54.  Only  on  mission  day  2 of  Skylab 
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Figure  17-1. — Efficiency  ratio. 


3 and  mission  day  3 of  Skylab  4 did  it  drop  signifi- 
cantly below  this  value.  Mission  day  2 of  Skylab 
3 was  the  day  in  which  this  crew  felt  most  handi- 
capped by  motion  sickness.  On  this  day  there  was 
an  attempt  to  provide  the  crew  with  about  2 hours 
of  rest  in  midday,  although  they  were  required 
almost  immediately  to  respond  to  a Master  Alarm 
indication  of  low  bus  voltage.  Much  of  the  sched- 
uled rest  period  was  then  spent  in  tracking  down 
the  source  of  the  large  power  drain.  (It  was  a 
short  in  an  experiment  carried  in  the  Command- 
Service  Module.) 

The  Skylab  3 crew  had  been  awake  on  mission 
day  1 for  a total  time  of  22  hours  (only  7.5  avail- 
able for  activation),  followed  by  18  waking  hours 


Table  17-1. — Activation  Man-Hours:  Accomplished  and  Available 


Mission  day  1 

Mission  day  2 

Skylab 

mission 

Accomplished  Available 

Efficiency 

ratio 

Efficiency 

Accomplished  Available  ratio 

2 

24.4 

46.5 

0.52 

3 

12.3 

22.5 

0.55 

22.0 

54.0 

0.41 

4 

27.5 

51.0 

0.54 

Mission  day  3 

Mission  day  U 

Skylab 

mission 

Accomplished  Available 

Efficiency 

ratio 

Efficiency 

Accomplished  Available  ratio 

27.7 

51.0 

0.54 

26.3 

48.0 

0.55 

22.3 

40.5 

0.55^ 

23.8 

52.5 

0.45* 

10.3 

18.0 

0.57 
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on  mission  day  2.  These  long  days  may  well  have 
contributed  to  reduced  efficiency  on  mission  day 
2,  as  well  as  the  motion  sensitivity.  Assuming  that 
an  E.R.  ?^0.54  is  ''normal/"  we  estimate  from 
table  17-1  that  the  time  lost  due  to  reduced  ef- 
fiency  is  approximately  (0.54-0.41)  54.0^«7.0 
man-hours.  Similarly,  the  Skylab  4 crew  on  mis- 
sion day  3 may  have  lost  about  (0.54-0.45)  52.5 
^4.7  man-hours,  at  least  some  of  which  was  due 
to  motion  sensitivity. 

Crew  performance  early  in  the  flight  can  be 
viewed  from  still  another  aspect.  We  may  ask 
"how  many  man-hours  of  activation  tasks  re- 
mained incomplete  at  the  end  of  the  scheduled 
activation  interval?""  For  the  three  crews  respec- 
tively, the  answers  are  0.1,  13.5,  and  4.8  man- 
hours. For  all  three  flights,  essentially  all  of  these 
remaining  tasks  were  completed  by  the  end  of 
mission  day  4.  Although  13.5  man-hours  of  acti- 
vation tasks  remained  to  be  accomplished  at  the 
end  of  mission  day  3 on  Skylab  3,  additional  re- 
pair tasks  of  12.9  man-hours  had  been  completed. 
The  Skylab  4 crew  completed  an  extra  4.2  man- 
hours of  added  tasks  in  their  activation  phase. 
These  results  indicate  that  all  three  crews  were 
able  to  deliver,  in  the  first  3 or  4 days  of  their 
respective  flights,  rather  close  to  the  amount  of 
work  they  had  been  scheduled  to  accomplish  pre- 
flight. We  will  see  later  that  flight  planning  had 
been  somewhat  conservative  by  late  mission 
standards,  but  was  apparently  quite  realistic  for 
these  first  few  days. 

It  may  not  be  clear  why  the  rather  large  num- 
ber of  essential  "overhead""  tasks  (food  prepara- 
tion, eating,  sleep,  rest,  personal  hygiene,  and 
housekeeping)  have  been  excluded  in  computing 
an  efficiency  ratio.  There  are  two  principal  rea- 
sons. First,  we  have  just  seen  that  all  three  crews 
were  working  at  very  close  to  the  preplanned  rate 
during  these  first  few  days.  To  have  included 
these  "overhead""  tasks  in  computing  an  efficiency 
ratio  would  simply  have  resulted  in  a value  very 
near  unity  and  we  would  not  have  been  able  to 
see  later  shift  from  less  "overhead""  work  into 
a greater  percentage  of  productive  activity.  Sec- 
ond, we  have  selected  only  activation  and  repair 
tasks  which  can  be  compared  directly  to  experi- 
ment and  related  operations  later  in  the  flight. 
In  this  way,  we  can  see  most  clearly  the  number 
of  man-hours  it  is  reasonable  to  expect  a crew  to 


deliver  both  early  and  late  in  a mission  for  activa- 
tion and  payload  operational  tasks. 

We  should  now  turn  to  the  comparison  of  pro- 
ductive work  accomplished  in  the  first  few  days 
of  flight  with  that  accomplished  later  on  when 
adaptation  was  complete  and  the  routine  well  es- 
tablished. In  addition  to  the  direct  performance 
of  experiment  operations,  there  are  several  other 
"operational  tasks""  which  should  be  included  be- 
fore the  amount  of  work  produced  later  in  the 
mission  can  be  compared  with  work  output  in  the 
activation  phase.  These  operational  tasks  include 
physical  exercise,  some  "post-sleep""  activities  re- 
lated to  experiments,  television,  photography,  and 
repairs.  When  these  tasks  are  added  to  the  specific 
experiment  operations,  the  Skylab  3 crew  deliv- 
ered over  31  man-hours  of  productive  work  per 
day,  and  increased  this  to  about  36  man-hours 
per  day  toward  the  end  of  the  mission,  which 
would  correspond  to  an  E.R.  = 0.75  as  defined 
before.  These  are  the  numbers  most  directly  com- 
parable to  a "normally""  efficient  activation  day  of 
about  (0.54X48  man-hours  awake)  ^26  man- 
hours/day  of  work  accomplished. 

Figure  17-2  shows  the  trend  of  productive  work 


Figure  17—2. — Productive  work  rale  vs.  Mission  Day. 


rate  for  all  three  crews  from  activation  phase 
through  the  completion  of  their  experiment  opera- 
tion. Each  point  shown  is  an  average  of  3 to  7 
days  work,  with  days  of  "rest"’  or  extravehicular 
activities  excluded.^ 

*The  data  for  figure  17-2  have  been  obtained  from  the 
following  reports:  final  Skylab  2 Flight  Plan  Data,  July  5, 
1973;  final  Skylab  3 FAO  Daily  Status  Report,  September 
25,  1973;  Skylab  4 FAO  End  of  Mission  Status  Report, 
February  15,  1974, 
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Summary 

Summarizing  all  these  results,  we  have  found 
that  all  three  of  the  three-man  Skylab  crews  ac- 
complished activation  work  at  an  efficiency  ratio 
of  about  0.54,  equivalent  to  26  man-hours/day, 
assuming  they  were  all  awake  for  16  hours  and 
asleep  for  8 hours  each  day.  On  1 of  the  9 total 
days  spent  all  or  partially  in  activation,  mission 
day  2 of  Skylab  3,  the  crew  efficiency  dropped 
about  25  percent  (E.R.  = 0.41),  attributable 
largely  to  transient  motion  sickness.  After  exper- 
iment operations  began,  the  Skylab  3 crew  soon 
accomplished  similar  work  tasks  at  a rate  in  ex- 
cess of  31  man-hours/day,  increasing  to  about 
36  man-hours/day  toward  the  end  of  the  mission. 
The  Skylab  4 crew  accomplished  work  in  these 
same  categories  at  a rate  of  about  28  man-hours/ 
day  early  to  above  33  man-hours/day  late  in  their 
mission. 

We  believe  the  improvement  in  productivity  has 
come  about  for  two  reasons,  these  are: 

1.  Greater  training  and  proficiency  in  experi- 

ment operations  as  compared  to  activation 
tasks,  and 

2.  Improved  efficiency  as  experience  is  gained 

in  zero-gravity  living. 

The  activation  tasks  were  to  be  performed  only 
once  by  each  crew  and  consisted  of  many  largely 
unrelated  activities.  Each  crew  had  the  oppor- 


tunity to  practice  the  full  procedures  in  their 
trainers  at  the  Johnson  Space  Center  only  a few 
times  prior  to  launch.  However,  training  for  ex- 
periments and  especially  those  consuming  the 
most  time  (solar,  medical.  Earth  Resources)  was 
very  thorough  and  extensive.  Still,  operations  in 
zero-gravity  could  not  be  precisely  simulated  pre- 
flight, and  a further  training  improvement  was 
noticed  during  the  course  of  the  mission.  More 
time  became  available  to  experiments  because  the 
time  required  for  the  '‘overhead''  tasks  of  food 
preparation,  eating,  housekeeping,  et  cetera  was 
reduced  as  experience  was  achieved  in  the  rou- 
tine of  zero-gravity  living. 

Conclusions 

It  appears  that  a relatively  modest  amount  of 
crew  time  may  have  been  lost  due  to  motion 
sickness  on  Skylab  missions  3 and  4 but  that  each 
crew's  performance  was  never  substantially  im- 
paired for  more  than  1 day. 

During  the  three  activation  intervals,  less  than 
12  man-hours  were  lost  to  reduced  efficiency  (in- 
cluding the  effects  of  motion  sensitivity)  while 
almost  200  man-hours  of  productive  work  were 
delivered. 

A very  substantial  improvement  in  work  rate 
is  found,  however,  for  tasks  in  which  simulation 
and  training  time  was  extensive  and  for  tasks 
of  a repetitive  nature  which  allowed  zero-gravity 
operations  to  be  optimized. 


EXHIBIT  A 

Skylab  3 Activation  Tasks  Accomplished 

Note:  The  time  listed  for  each  task  is  the  requirement  estimated  for  a trained  crew- 
man based  on  preflight  simulations.  It  is  not  the  actual  time  consumed  in-flight,  which 
could  be  longer.  Crewmen  abbreviations  are  CDR/SPT/PLT  for  Commander,  Scientist 
Pilot  and  Pilot.  Tasks  added  to  the  preflight  schedule,  usually  troubleshooting,  are  iden- 
tified by  a preceding  asterisk. 


I.  Mission  Day  1 (1930-0300  UT=7.5  h,  for  activation  tasks) 

TIME 

TASK  CREWMAN  (MAN-MIN) 

1.  CM/MDA  Tunnel  Pressure  Integrity 

Check  CDR/SPT  10 

2.  Sec.  Glycol  Evaporator  Dryout  PLT  5 

3.  Bat.  A Charge  PLT  5 

4.  Tunnel  Hatch  Removal  CDR/SPT  60 
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Skylab  3 Activation  Tasks  Accomplished — Continued 
I.  Mission  Day  1 — Continued 

TIME 


TASK 

CREWMAN 

(MAN-M] 

5.  Docking  Latch  Verification 

CDR/SPT 

— 

6.  Probe  Removal 

CDR/SPT 

— 

7.  Drogue  Removal 

CDR/SPT 

— 

8.  Pri.  Glycol  Evaporator  Dryout 

CDR 

5 

9.  Command  Module  Suit  Circuit  Deacti- 

vation. 

CDR 

10 

10.  Drogue  and  Probe  Stowage 

CDR/SPT 

20 

11.  Air  Duct  Installation 

CDR/SPT 

20 

*12.  General  Cleanup  of  CSM 

CDR/SPT 

50 

13.  Pri.  Glycol  Dryout  Termination 

CDR 

5 

14.  Glycol  Circuit  Reconfiguration 

CDR 

5 

15.  Update 

CDR 

— 

16.  Umbilical  Connection  Preparation 

CDR/SPT 

10 

17.  CM  02  System  Configuration 

CDR 

10 

18.  CSM/SWS  Basic  Communication  Con- 

figuration 

CDR 

10 

19.  Center  Couch  Stowage 

CDR 

15 

20.  Sextant  P52  (Option  Sextant  3) 

CDR 

10 

21.  GDC  Align 

CDR 

— ^ 

22.  S190A  Window  Protector  Installation 

SPT 

10 

23.  Observe  Pilot  Operations 

SPT 

10 

24.  CSM/MDA  Umbilical  Connection 

SPT 

10 

25.  Caution  and  Warning  Activation 

SPT 

10 

26.  Airlock  Ground  Disconnection 

SPT 

5 

27.  Communications  Activation  Check 

SPT 

5 

28.  Mission  Timer  Update 

PLT 

5 

29.  Sec.  Glycol  Dryout  Termination 

PLT 

5 

30.  MDA  Hatch  Opening 

SPT/PLT 

15 

31.  MDA  Light  Turn  On 

SPT/PLT 

10 

32.  CSM  RCS  Propellant  Reconfiguration 

PLT 

5 

33.  MDA/STS  Entry 

PLT 

20 

34.  STS  Circuit  Breaker  Panel  Configura- 

PLT 

15 

tion 

35.  STS  Panel  Configuration 

PLT 

5 

36.  SI 90  Window  Heater  Activation 

PLT 

5 

37.  Video  Tape  Recorder  Activation 

PLT 

— 

38.  02/N2  Activation 

PLT 

5 

39.  Oxygen  Mask  and  Supply  Configura- 

PLT 

20 

tion 

40.  AM/Dome  Entry 

PLT 

5 

41.  OWS  Fan  Activation 

PLT 

5 

42.  OWS  Switch  Configuration 

PLT 

15 

43.  Thermal  Control  System  Activation 

PLT 

5 

44.  CSM  Caution  and  Warning  Check 

CDR 

10 

45.  SWS  Caution  and  Warning  Checkout 

CDR/SPT 

45 
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Skylab  3 Activation  Tasks  Accomplished — Continued 
I.  Mission  Day  1 — Continued 


TIME 

TASK 

CREWMAN 

(MAN-MIN) 

46.  CM  Stowage  Reconfiguration 

CDR/SPT 

30 

47.  Evening  Status  Report 

CDR 

10 

48.  Assist  CDR  with  CSM  Caution  and 

Warning  Check 

SPT 

5 

49.  Fire  Sensor  Check 

SPT 

15 

50.  Urine/Fecal  Collector  Activation 

SPT 

45 

51.  Fecal  Processing 

SPT 

30 

52.  Water  System  Gas  Bleed 

PLT 

10 

53.  Pressure  Suit  Transfer/Drying 

PLT 

30 

54.  Bed.  1 Bakeout  Initiate 

PLT 

5 

55.  Bat.  B Charge 

CDR 

5 

56.  Sleep  Compartment  Activation 

SPT/PLT 

55 

57.  Bed.  1 Temperature  Verification 

PLT 

5 

TOTAL  MAN-MIN. 

740 

TOTAL  MAN-HOURS 

12.3 

II.  Mission  Day  2 (1100-0500 

UT=18  h) 

1.  Post  Sleep  Activities 

ALL 

90 

2.  Battery  A Charge 

CDR 

5 

3.  Sextant  P52  (Option  3) 

CDR 

10 

4.  Medical  Resupply  Canister  Transfer 

CDR 

20 

5.  Report  N23  and  N93 

CDR 



6.  H20  Separator  Plate  Wetting  Prepara- 

tion 

CDR 

15 

7.  ATM  Controls  and  Displays  Coolant 

Loop  Activation 

SPT 

5 

8.  ATM  Console  Activation 

SPT 

45 

9.  Bed.  2 Bakeout  Initiation 

PLT 

5 

10.  Bed.  2 Temperature  Verification 

PLT 

5 

11.  Water  Sample 

PLT 

25 

12.  Water  System  Activation 

PLT 

30 

*13.  Trouble  Shooting  H20  Dump  Pressure 

Indicator 

PLT 

10 

14.  Stowage  Reconfiguration 

CDR 

180 

15.  P50-IMU/ATM  Orientation  Determi- 

nation 

CDR 

25 

16.  P52  IMU  Realign 

CDR 



17.  E-Mod 

CDR 

5 

*18.  Battery-Regulator  No.  3 Trouble 

Shooting 

SPT 

20 

19.  Assist  CDR  with  P50  and  P52 

SPT 

25 

20.  CM  Urine/LiOH/Fecal  Bag  Transfer 

SPT 

15 

21.  Urine  Collection  System  Sampling 

SPT 

105 
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Skylab  3 Activation  Tasks  Accomplished — Continued 
II.  Mission  Day  2 — Continued 


TIME 


TASK 

CREWMAN 

(MAN-M 

22.  Wardroom  Water  System  Activation 

PLT 

40 

23.  Potable  Water  Chlorination 

PLT 

15 

24.  CSM  Navigation  Power  Down 

CDR 

10 

25.  CM  Condensate  Blanket  Installation 

CDR 

5 

26.  CM  Evaporator  Reconfiguration 

CDR 

5 

27.  Entry  Bat.  Isolation 

CDR 

5 

28.  Suit  Drying  (2nd.  Suit) 

CDR 

20 

29.  CSM  Quiescent  Panel  Configuration 

CDR 

60 

30.  Wardroom  Window  Activation 

SPT 

20 

31.  100  PPM  Drain  and  Flush 

PLT 

15 

32.  Trash  Bag  Installation 

PLT 

15 

33.  Bed.  2 Bakeout  Termination 

PLT 

5 

*34.  S071/72  Trouble  Shooting 

PLT 

80 

*35.  CM  Waste  H20  Dump  to  OWS 

CDR 

20 

36.  H20  Separator  Plate  Servicing 

CDR 

50 

37.  CM  Food  Transfer 

SPT 

60 

38.  H20  System  Flush 

PLT 

10 

39.  Wardroom  H20  System  Bleed 

PLT 

50 

40.  Condensate  System  Activation 

CDR 

10 

41.  Molecular  Sieve  A Activation 

CDR 

10 

42.  Flight  Data  File  Transfer  Update 

CDR 

60 

43.  Evening  Status  Report 

CDR 

10 

44.  Experiments  Transfer/Preparation 

SPT 

80 

*45.  02  Fuel  Cell  Purge 

CDR 

5 

46.  Suit  Drying  (3rd  Suit) 

CDR 

20 

TOTAL  MAN-MIN 

1320 

TOTAL  MAN-HOURS 

22.( 

III.  Mission  Day  3 (1400-0300  = 13  li) 

1.  Post  Sleep  with  MllO 

ALL 

330 

2.  Flight  Data  File 

CDR 

20 

3.  Suit  Drying  Termination 

CDR 

15 

*4.  Condensate  System  Trooble  Shooting 

CDR 

390 

*5.  Condensate  System  Trouble  Shooting 

PLT 

60 

*6.  Lighting  Assembly  Trouble  Shooting 

CDR 

5 

7.  Weigh  Food  Residue 

SPT 

30 

8.  Body  Mass  Measuring  Device  Calibra- 

70 

tion 

SPT 

30 

9.  Return  Water  Container  Fill/Transfer 

PLT 

45 

*10.  Urine  Separator  Trouble  Shooting 

SPT 

10 

11.  Transfer  Return  Clothing  to  Command 

Module 

PLT 

30 

12.  Command  Module  Stowage  Transfer 

PLT 

90 

13.  Film  Transfer 

SPT/PLT 

25 
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Skylab  3 Activation  Tasks  Accomplished — Continued 
III.  Mission  Day  3 — Continued 


TASK 

CREWMAN 

TIME 

(MAN-MIN) 

PP02  Sensor  Replacement 

CDR 

10 

Squeezer  Bag  Dump 

CDR 

90 

Sample  Mass  Measuring  Device  Trans- 
fer and  Calibration 

Trash  Airlock  Leak  Trouble/Shooting 

SPT/PLT 

ALL 

90 

TOTAL  MAN-MIN 
TOTAL  MAN-HOURS 

1340 

22.3 

SECTION  in 


Musculoskeletal  Function 


ORIGIJJAL  PAGE  IS 
OF  POUR  QUALir/ 


T>ii 

77  - 337  9® 


CHAPTER  18 

Mineral  and  Nitrogen  Metabolic  Studies, 
Experiment  M071 

G.  Donald  Whedon,"  Leo  Lutwak,'^  Paul  C.  Rambaut,^  Michael  W. 
Whittle,^  Malcolm  C.  Smith, Jeanne  Reid,«  Carolyn  Leach, Connie 
Rae  Stabler,^  and  Deanna  D.  Sanford  ^ 


Experiment  M071  was  an  effort  to  use  a rela- 
tively precise  but  arduous  technique  of  study 
of  human  metabolic  (or  chemical)  processes — 
called  ‘‘Metabolic  Balance  Study’’ — to  determine 
major  changes  in  chemical  state  of  the  muscular 
and  skeletal  systems.  This  technique  is  difficult  to 
use  correctly  even  under  near-ideal  clinical  re- 
search center  conditions,  but  in  Skylab  it  had  to 
be  applied  under  the  peculiar  and  very  limiting 
conditions  of  space  flight  and  the  preparation  for 
and  recovery  from  it.  The  metabolic  balance  tech- 
nique requires  extraordinarily  meticulous  atten- 
tion to  detail  in  dietary  intake  and  collection  of 
excreta  hour  by  hour.  In  Skylab  this  was  possible 
only  because  of  the  dedicated  cooperation  through- 
out of  dietitians,  dietetic  staff,  specimen  collec- 
tion staff,  laboratory  staff,  NASA  management 
staff  at  all  levels,  and  particularly  of  the  partici- 
pants— the  astronaut  crews.  The  advantage  of 
the  balance  technique,  when  properly  carried  out, 
is  the  precision  with  which  changes  in  body  ele- 
ments in  milligram  quantities  can  be  measured 
and  the  ability  with  which  patterns  of  almost  day- 
by-day  chemical  change  can  be  described.  No 
metabolic  study  was  ever  perfect  and  this  one, 
we  must  say,  lived  up  to  that  tradition ; but  the 
study  was  clearly  successful  enough  to  provide 

‘ National  Institutes  of  Health,  Bethesda,  Maryland. 
‘’UCLA  School  of  Medicine,  and  Veterans  Administra- 
tion Hospital,  Sepulveda,  California. 

NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

Technology,  Incorporated,  Houston,  Texas. 


definite  conclusions  and  to  permit  sensible  inter- 
pretations of  si  nificance  for  the  future. 

Prediction  that  the  various  stresses  of  space 
flight,  particularly  weightlessness,  would  bring 
about  significant  derangements  in  the  metabolism 
of  the  musculoskeletal  system  had  been  based  on 
various  mineral  and  nitrogen  balance  study  ob- 
servations of  normal  healthy  subjects  at  long  im- 
mobilized or  inactive  bedrest.  The  earliest  was 
that  of  Deitrick,  Whedon,  and  Shorr  (ref.  1)  in 
1948;  the  calcium  balance  results  of  this  study 
are  graphed  in  figure  18-1.  Immobilization  of 
four  healthy  young  men  in  body  casts  for  6 to  7 
weeks  led  to  marked  increases  in  urinary  calcium 
and  significantly  negative  calcium  balances,  and 
there  were  related  losses  of  nitrogen  and  phos- 
phorus. 

Several  subsequent  bedrest  studies  of  nonnal 
subjects  confirmed  these  substantial  metabolic 
derangements  (ref.  2).  The  longest  observation 
(Donaldson,  Hulley,  and  associates,  1970)  (ref. 
3)  showed  that  although  the  elevated  urinary 
calcium  subsided  partially  during  the  third  and 
fourth  months  of  bedrest,  it  nevertheless  re- 
mained significantly  higher  than  control  levels 
for  as  long  as  bedrest  was  continued  (for  7 
months)  and,  furthermore,  did  not  fall  to  normal 
until  the  subjects  were  put  back  on  their  feet. 

The  only  attempt  at  controlled  metabolic  ob- 
servations in  space  flight  prior  to  Skylab  was 
performed  by  us  (ref.  4)  in  conjunction  with  the 
14-day  Gemini  VII  flight  in  1965.  That  relative  ’ 
short  study  revealed  quite  modest  losses  of  • 
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Figure  18—1. — Effect  of  immobilization  on  the  calcium 
metabolism  of  four  normal  male  subjects.  In  each  sub- 
ject the  daily  calcium  intake  was  kept  constant  through- 
out all  periods  of  the  experiment.  For  each  subject  the 
control  baseline  (interrupted  horizontal  line)  is  an  aver- 
age of  the  total  outputs  of  the  last  four  control  weeks. 
In  this  graph  the  intake  and  output  are  both  plotted 
upward  from  the  zero  baseline.  (Reproduced  by  permis- 
sion of  Medical  Clinics  of  North  America,  35,  No.  2:  545, 
March  1951.) 

cium  and  phosphorus  and  varied  changes  in  the 
metabolism  of  other  elements. 

Procedure 

A cardinal  principle  of  metabolic  study  is  that 
changes  in  the  excretion  of  key  nutrient  elements, 
such  as  calcium  or  nitrogen,  can  only  be  inter- 
preted as  due  to  the  influence  or  agent  under  test 
if  environmental  factors  are  kept  as  constant  as 


possible  from  phase-to-phase  and  from  day-to- 
day.  One  of  the  most  important  of  these  environ- 
mental factors  in  metabolic  study  is  the  dietary 
intake.  The  dietary  intake  in  the  M071  study  was 
dependent  upon  the  selection,  for  various  reasons 
of  stability  and  acceptability,  of  some  70-odd 
space  food  items  by  NASA  food  technologists.  Se- 
lection was  constrained  for  most  items  by  the 
requirements  of  stability  at  room  temperature  in 
space  for  more  than  a year;  only  seven  frozen 
food  items  could  be  used.  In  addition,  in  an  effort 
to  achieve  improved  acceptability  by  the  astro- 
nauts, many  items  were  mixtures  of  foods  and  thus 
not  conducive  to  exactness  of  composition  in  their 
production.  Although  these  foods  were  far  from 
ideal  for  balance  studies,  nevertheless,  by  skillful, 
lengthy  consultations  with  the  astronaut  crew- 
members, our  dietitians  developed  for  each  crew- 
man, sequences  of  six  daily  menus  of  similar 
elemental  composition  which  were  rotated  on  a 
regular  schedule  throughout  the  preflight,  in- 
flight and  postflight  study  phases.  Whenever  a 
particular  food  could  not  be  consumed,  a system 
of  rapid  calculation  and  provision  of  supplement 
tablets  for  pertinent  elements  helped  to  maintain 
dietary  elemental  constancy.  Duiing  the  flight 
phase,  the  crew's  evening  report  included  the 
relatively  infrequent  dietary  omissions ; rapid 
ground  calculations  were  made  for  deficits  in  key 
elements  and  the  correct  number  of  supplement 
tablets  or  capsules  were  prescribed  to  the  flight 
crew.  Crewmembers  took  the  prescribed  tablets 
or  capsules  the  next  morning  from  supplies  pre- 
viously stowed  onboard. 

Our  relative  success  in  dietary  control  is  indi- 
cated in  table  18-1  which  shows  for  the  Com- 
mander of  the  59-day  flight,  as  representative  of 
the  group,  the  phase-by-phase  means  of  actual 
consumption  of  a few  key  elements  and  shows 


Table  18-1. — Mean  (±  Standard  Deviation)  Daily  Dietary  Intake, 
Commander  of  Sky  lab  S (59-Day  Flight) 


Pre  flight 

In-flight 

Postflight 

Kcal 

2732.0  (±113) 

2781.0  (±259) 

2940.0  (±149) 

Protein,  g 

95.0  (±  5) 

85.0  (±  11) 

96.0  (±  6) 

Nitrogen,  g 

15.2  (±  0.9) 

13.6  (±  1.17) 

15.4  (±  1.0) 

Potassium,  mg 

1517.0  (±  57) 

1431.0  (±116) 

1537.0 /±  68) 

Calcium,  mg 

725.0  (±  31) 

729.0  (±  72) 

742.0  (±  40) 
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also  the  standard  deviations  from  these  means  of 
day-by-day  actual  consumption.  No  significant 
differences  occurred  from  phase  to  phase. 

It  should  be  emphasized  that  all  food  items 
were  analyzed  in  representative  samples  for  per- 
tinent elements  and  vitamins.  All  diets  were  found 
to  be  adequate  in  terms  of  the  possible  effect  or  on 
food  vitamin  intakes.  Because  of  flight  tempera- 
tures in  the  early  days  following  launch  of  the 
workshop,  a supplemental  vitamin  capsule  was 
taken  daily  by  each  crewman  on  Skylab  3 and  4 
(before,  during,  and  after  flight). 

Twenty-four-hour  urine  collections  were  made 
throughout  the  studies.  In-flight,  because  of  lim- 
itations in  return  weight  and  volume  approxi- 
mately 120  milliliter  aliquots  of  each  day’s  urine 
collection  were  taken,  frozen,  and  returned  to 
Earth,  using  a very  complex  system  because  of 
the  absence  of  gravity.  In  weightlessness  there 
are  difficult  technical  problems  of  collecting  urine, 
separating  liquid  from  air,  and  taking  a well- 
mixed  measured  aliquot,  all  without  the  aid  of 
gravity  which  we  so  take  for  granted  in  our 
clinical  research  units  and  laboratories.  In  addi- 
tion, because  volume  cannot  be  measured  in  the 
weightless  state  in  the  same  way  as  on  Earth, 
in-flight  24-hour  urine  volumes  were  determined 
by  a tracer  dilution  technique,  using  lithium 
chloride  preinjected  into  the  24-hour  collection 
bags.  In-flight  stool  samples  were  dried  in  the 
workshop  and  returned  to  Earth  in  toto. 

Results 

Urinary  creatinine  excretion,  (shown  in  fig. 
18-2  for  the  28-day  flight  for  three  astronauts) 
revealed  considerably  more  fluctuation  than  is 
found  under  ideal  research  unit  urine  collection 
conditions,  but  the  values  were  consistent  enough 
to  indicate  that  average  24-hour  urinary  creati- 
nine excretion  was  not  changed  by  space  flight. 

Figure  18-3  shows  the  urinary  calcium  excre- 
tion for  the  28-day  flight.  Urinary  calcium  in- 
flight increased  steadily  to  a plateau  in  virtually 
the  same  pattern  and  degree  as  previously  seen 
in  bedrest  studies.  Also  as  seen  in  bedrest,  inter- 
individual variation  occurred  in  degree  of  loss; 
the  peak  reached  during  the  latter  part  of  flight 
was  from  80  percent  greater  to  more  than  double 
the  control,  preflight  levels.  During  recovery  and 


Commander 


Figure  18—2. — Urinary  creatinine  excretion,  in  means  for 
4-  to  6-day  metabolic  periods,  in  the  Commander,  Scien- 
tist Pilot,  and  Pilot  of  Skylab  2 before,  during,  and  after 
this  28-day  flight  (Skylab  2). 


Milligrams  per  24  h 
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Commander 


Figure  18-3. — Effect  of  space  flight  on  urinary  calcium 
excretion  in  the  astronauts  on  the  28-dav  flight  (Sky- 
lab  2). 

postflight,  urinary  calcium  excretion  subsided 
promptly  toward  control  levels. 

Figure  18-4,  for  the  59-day  flight,  shows  the 


Commander 


Figure  18-4. — Effect  of  space  flight  on  urinary  calcium 
excretion  in  the  astronauts  on  the  59-day  flight  (Skylab 
3). 


same  pattern  of  gradual  rise  in  two  crewmen  and 
a rather  abrupt  rise  in  the  third,  and  also  shows 
interindividual  variation  in  degree  of  loss,  which 
in  one  was  much  more  than  double  control  levels. 

Urinary  calcium  data  in  the  84-day  flight  (fig. 
18-5)  showed  the  same  characteristics,  plus  the 
added  point  of  interest  of  no  suggestion  of  de- 
cline toward  the  end  of  the  flight  in  the  high  level 
of  excretion. 

Urinary  hydroxyproline  (indicative  of  skeletal 
turnover  and  breakdown)  increased  in-flight  with 
considerable  interindividual  differences;  the 
mean  increase  for  the  six  crewmen  of  the  first 
two  flights  was  33  percent. 

Figure  18-6  displays  the  calcium  balances  for 
the  28-day  flight;  fecal  calcium  increased  during 
flight  in  one  crewman  (Commander)  and  de- 
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Commander 


Figure  18-5. — Effect  of  space  flight  on  urinary  calcium 
excretion  in  the  astronauts  on  the  84-day  flight  (Skylab 

4). 

creased  slightly  in  the  other  two,  and  the  balance 
became  negative  in  two  crewmen  and  changed 
imperceptively  in  the  third  (Scientist  Pilot). 

For  the  59-day  flight,  the  negative  shift  in  cal- 
cium balance  was  more  apparent  (fig.  18-7),  re- 
sulting from  increases  in  both  urinary  and  fecal 
calcium.  The  mean  shift  in  calcium  balance  for 
all  six  crewmen  from  control  phase  to  the  last  16 
to  18  days  in-flight  was  minus  184  mg/day.  The 
mean  negative  calcium  balance  during  the  second 
month  in  space  for  the  three  astronauts  on  the 
59-day  flight  was  140  mg/day.  This  calcium  loss 
was  of  the  same  order  of  magnitude  as  occurred 
in  the  early  bedrest- immobilization  study  (ref.  1). 

Phosphorus  balance  data  (fig.  18-8)  show  for 
Skylab  2 a distinct  increase  in-flight  in  urinary 
phosphate,  a small  increase  in  fecal  phosphate, 
and  negative  balance  in  all.  In  the  Skylab  3,  the 
increases  in  urinary  phosphate  were  less  marked 
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Figure  18—6. — ^Calcium  balances  before,  during,  and  after 
space  flight  in  the  astronauts  on  the  28-day  flight.  In  this 
and  subsequent  balance  graphs  the  data  are  plotted  in 
conventional  Albright-Reifenstein  style,  the  intake  down- 
ward from  the  zero  baseline,  then  urinary  (light  shad- 
ing) and  fecal  (heavy  shading)  excretion  upward  from 
the  intake  lines;  shaded  areas  above  the  zero  baseline 
indicate  negative  balance  or  loss. 
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Figure  18-7. — Calcium  balances  before,  during,  and  after 
space  flight  in  the  astronauts  on  the  59-day  flight. 


than  in  Skylab  2,  for  reasons  that  are  not  appar- 
ent at  this  time.  The  mean  negative  shift  in  bal- 
ance in  Skylab  3 was  222  mg/day,  in  comparison 
with  very  nearly  400  mg/day  in  Skylab  2.  In 
Skylab  4 the  increases  in  urinary  phosphate  were 
again  to  about  the  same  extent  as  in  Skylab  2. 

Nitrogen  balance  data  (fig.  18~9)  in-flight  on 
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Figure  18—8. — Phosphorus  balances  before,  during,  and 
after  space  flight  in  the  astronauts  on  the  28-day  flight. 
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Skylab  2 revealed  a pronounced  increase  in  uri- 
nary nitrogen  excretion,  while  fecal  nitrogen 
remained  characteristically  unchanged.  In  the 
59-day  flight  (fig.  18-10),  the  highly  negative 
balance  of  the  first  6-day  period  was  due  to  the 
lowered  intake  resulting  from  marked  anorexia 
during  the  first  2 to  3 days  in  the  new  weightless 
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Figure  18-9. — Nitrogen  balances  before,  during,  and  after 
space  flight  in  the  astronauts  on  the  28-day  flight. 


Figure  18—10. — Nitrogen  balances  before,  during,  and 
after  space  flight  in  the  astronauts  on  the  59-day  flight. 
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environment;  nitrogen  balance  continued  nega- 
tive for  a few  weeks  and  then  was  only  slightly 
positive  despite  high  protein  and  calorie  intake 
levels.  The  mean  shift  in  nitrogen  balance  (for 
the  six  crewmen  of  the  first  two  flights)  from 
preflight  phase  to  flight  was  4.0  g/day.  In  the 
84-day  flight  increases  in  urinary  nitrogen  ex- 
cretion of  similar  magnitude  were  observed  (fig. 
18-11). 

Magnesium  excretion  in  the  urine  increased 
during  the  in-flight  phases  of  all  three  Skylab 
flights,  with  considerable  interindividual  varia- 


Commander 


Figure  18—11. — Urinary  nitrogen  excretion  before,  dur- 
ing, and  after  space  flight  in  the  astronauts  on  the  84- 
day  flight. 


tion  and,  for  reasons  that  are  not  clear,  to  a some- 
what lesser  extent  in  the  59-day  Skylab  3 than  in 
the  other  two  flights.  Figure  18-12  presents  the 
magnesium  balances  for  Skylab  2,  showing  mod- 
est increases  in  urinary  magnesium  and  the  bal- 
ances less  positive  but  not  true  loss  of  the  element. 

Potassium  balances  became  slightly  less  posi- 
tive during  flight,  in  line  with  other  measurements 
suggesting  potassium  loss  from  the  body,  and  in- 
dicated significant  retention  of  this  element  in 
the  recovery  phase.  Figure  18-13  shows  the  po- 
tassium balance  data  for  Skylab  2.  The  changes 
were  similar  in  Skylab  3. 

The  sodium  balance  data  for  Skylab  2 and  3 
also  indicated  modest  negative  shifts  during  flight. 
Sharp  sodium  retention  occurred  in  all  crewmen 
during  the  first  few  recovery  days  after  each  of 
the  flights.  Figure  18-14  shows  the  data  for  Sky- 
lab 2. 

The  potassium  and  sodium  balance  data  and  the 
significance  of  the  changes  therein  ai'e  discussed  in 
chapter  23. 

Comment 

The  urinary  creatinine  data  obtained  in  both 
the  28-  and  59-day  Skylab  flights  settled  a matter 
in  doubt  since  Gemini  VII  in  1965.  The  Skylab 
data  showed  that,  despite  greater  fluctuation  than 
is  seen  under  ideal  research  ward  conditions,  the 
average  24-hour  urinary  creatinine  excretion  was 
not  changed  by  space  flight.  Thus  the  assumption 
made  to  this  effect  in  order  to  salvage  the  Gemini 
VII  urinary  metabolic  data  was  valid. 

The  increases  in  urinary  calcium  were  strik- 
ingly similar  in  both  pattern  and  degree  to  the 
rises  in  urinary  calcium  seen  in  bedrest.  In  addi- 
tion, as  compared  with  immobile  bedrest  (ref.  1), 
the  negative  shift  in  calcium  balances  during 
flight  in  the  six  Skylab  2 and  Skylab  3 crewmen 
was  of  the  same  magnitude,  and  the  mean  actual 
calcium  loss  of  the  three  59-day  flight  crewmen 
was  virtually  identical.  Although  the  total  calcium 
loss  rate  generated  by  the  second  month  in  space 
(approximately  4 grams  per  month  or  0.3  to  0.4 
percent  of  total  body  calcium  per  month) , appears 
small  in  relation  to  the  whole  skeleton,  the  simi- 
larity to  bedrest  in  pattern  and  degree,  as  well  as 
failure  to  show  any  tendency  to  abatement  in  3 
months’  time,  makes  it  necessary  to  deal  with  an 
assumption  that  mineral  loss  might  continue  for 
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Figure  18-13. — Potassium  balances  before,  during,  and 
after  space  flight  in  the  astronauts  on  the  28-day  flight. 


Figure  18-12. — Magnesium  balances  before,  during,  and 
after  space  flight  in  the  astronauts  on  the  28-day  flight. 
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Figure  18—14. — Sodium  balances  before,  during,  and  after 
space  flight  in  the  astronauts  on  the  28-day  flight. 


a very  long  indefinite  time.  Since  mineral  is  lost 
differentially  in  greater  total  amounts  from  tra- 
becular areas  of  bone,  one  must  consider  the  pos- 
sibility that  in  very  long  space  flights  local  area 
losses  of  mineral  of  a degree  equivalent  to  osteo- 
porosis visible  by  ordinary  X-ray  would  take  place 
and  that  the  strength  of  critical  bones  would  be 
endangered.  In  paralytic  poliomyelitis  (ref.  5) 
long  bone  rarefaction  visible  by  X-ray  appeared 
at  a mean  loss  of  2.0  percent  of  total  body  calcium ; 
in  these  paralyzed  patients  in  whom  the  calcium 
loss  rate  was  about  double  that  in  immobile  bed- 
rest and  in  the  59-day  space  flight,  osteoporosis 
was  first  seen  within  2 to  4 months.  Thus,  by 
extrapolation,  it  seems  possible  that  rarefaction 
visible  by  ordinary  X-ray  might  occur  in  parts 
of  long  bones  during  space  flight  by  as  early  as 
4 to  8 months  of  flight.  This  possibility  is  sup- 
ported by  the  significant  decrease  in  os  calcis 
density  in  two  of  the  three  astronauts  on  Skylab 
4 (see  ch.  20) , the  two  who  had  the  greatest  losses 
of  calcium  as  measured  in  these  M071  balance 
studies.  Assuming  that  it  would  continue,  the 
calcium  loss  rate  of  0.3  to  0.4  percent  per  month 
observed  in  Skylab,  therefore,  takes  on  clearer 
and  more  ominous  significance  when  it  is  realized 
that  flights  to  Mars  and  return,  when  ultimately 
conducted,  will  take  from  to  3 years. 

The  increased  excretion  of  nitrogen  and  phos- 
phorus, also  similar  to  that  in  bedrest,  reflected 
substantial  loss  of  muscle  tissue,  which  was  clearly 
observed  in  the  astronauts'  legs.  Both  muscle  and 
mineral  loss  occurred  despite  an  exercise  regimen 
on  all  flights,  which  was  extremely  vigorous  on 
the  second  and  third  flights. 

We  must  conclude  that  although  it  seems  rea- 
sonable to  predict  musculoskeletal  ‘‘safety"  in 
space  flight  for  up  to  probably  6 to  9 months, 
capable  musculoskeletal  function  is  likely  to  be 
impaired  in  crews  on  space  flights  of  extreme 
duration  unless  protective  measures  can  be  de- 
veloped, The  likelihood  of  need  for  protective 
measures  in-flight  is  accentuated  by  the  following 
consideration:  although  the  bone  losses  thus  far 
observed  have  been  reversible  upon  return  to 
normal  gravity  (or  to  ambulation  after  bedrest), 
no  observations  are  available  to  permit  estimation 
of  a magnitude  of  loss  that  would  represent  a 
“point  of  no  return."  Thin  trabeculae  in  bone  can 
be  returned  to  normal  thickness  but,  from  our 
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present  understanding  of  the  adult  skeleton,  com- 
pletely lost  trabeculae  cannot  be  restored. 

Despite  the  threatening  import  of  these  Skylab 
mineral  balance  studies,  they  should  not  be  inter- 
preted as  indicating  a bar  to  long-duration  space 
flights.  They  do,  however,  clearly  suggest  that 
more  work  must  be  done,  primarily  in  ground- 
based  research,  to  provide  techniques  or  proce- 
dures which,  used  in  flight,  will  give  reasonable 
assurance  of  healthfully  functioning  astronaut 
skeletal  systems  during  and  at  the  end  of  ex- 
tremely long  flights. 

Finally,  these  observations  may  have  signifi- 
cance for  Earth  medicine.  In  reminding  us  of  the 
deleterious  effects  of  disuse  on  bone  mass,  they 
reemphasize  the  importance  of  direct  physical 
longitudinal  stress  (weight  bearing)  to  the  in- 
tegrity of  bone.  In  research  on  osteoporosis, 
greater  attention  than  heretofore  might  be  given 
to  this  factor  for  the  possible  value  of  increased 
weight-bearing  stress  as  a deterrent  to  or  even 
as  aid  to  correction  of  this  extremely  prevalent 
bone  disorder. 

Summary 

A metabolic  study  of  the  effects  of  space  flight 
on  various  chemical  elements,  particularly  those 
with  special  relevance  to  the  musculoskeletal  sys- 
tem, was  carried  out  on  the  nine  astronauts  who 
participated  in  the  three  Skylab  flights  of  28,  59, 
and  84  days  in  1973-74.  The  study  required  of 
the  cooperating  crewmen  constant  dietary  intake, 
continuous  24-hour  urine  and  total  fecal  collections 
for  21  to  31  days  before  each  flight,  throughout 
each  flight,  and  for  17  to  18  days  postflight. 


Increases  in  urinary  calcium  during  space 
flight  and  in-flight  changes  in  calcium  balance 
were  closely  similar  in  degree  to  those  found  in 
immobilization-bedrest.  Similarity  to  bedrest  in 
pattern  of  urinary  calcium  increases  and  of  total 
calcium  shifts  suggested  that  calcium  losses  would 
continue  for  a very  long  time.  Significant  losses 
of  nitrogen  and  phosphorus  occurred,  associated 
with  observed  reduction  in  muscle  tissue.  Both 
mineral  and  muscle  losses  occurred  despite  vig- 
orous exercise  regimens  in-flight.  It  was  con- 
cluded that  unless  protective  measures  can  be 
developed,  capable  musculoskeletal  function  is 
likely  to  be  impaired  in  space  flights,  ultimately 
to  be  conducted  to  planet  Mars,  II/2  to  3 years 
duration. 
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CHAPTER  19 

Physiological  Mass  Measurements  in  Skylab 


William  E.  Thornton  ® and  John  Ord  ^ 


Nine  years  ago  while  working  on  the  Manned 
Orbiting  Laboratory  Project  at  the  Aero- 
space Medical  Division  of  the  Air  Force,  we  con- 
cluded that  one  of  the  first  priorities  in  space 
medical  research  was  to  determine  the  cause  and 
time  course  of  the  weight  loss  which  always 
seemed  to  accompany  space  flight.  It  was  obvious 
to  us  and  to  many  others  that  a carefully  con- 
trolled intake/output  study  with  accurate  daily 
mass  measurements  in-flight  would  be  required. 
At  that  time,  the  insurmountable  problem  to 
such  a study  was  the  lack  of  an  instrument  for 
nongravimetric  mass  measurement.  The  first  pri- 
ority, then,  was  development  of  a mass-measure- 
ment device  which  did  not  depend  on  weight. 
Development  was  started  and  by  1966  we  had 
built  prototypes  of  the  instruments  flown  on  Sky- 
lab. 

As  time  went  on,  the  Manned  Orbiting  Labora- 
tory program  had  an  unfortunate  end,  we  had 
mass-measuring  devices,  and  NASA  had  a planned 
in-flight  balance  study  without  a mass-measuring 
device  so  we  formed  a joint  effort  which  was 
implemented  on  Skylab. 

Gravimetric  mass  determination  or  weighing 
is  such  a simple  and  accurate  process  that  no 
other  methods  have  been  developed  or  really 
needed  since  the  Egyptians  began  using  balances 
5000  or  more  years  ago.  The  only  practical  alter- 
native to  gravimetric  attraction  is  some  determina- 
tion of  the  inertial  property  of  mass.  The  method 
chosen  to  do  this  in  1965,  and  not  necessarily  the 
present  method  of  choice,  was  the  spring-mass 
oscillator  constrained  to  linear  motion. 

•NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

**  Scott  Air  Force  Base,  Illinois. 


Procedure 

Theory. — Figure  19-1  is  a functional  illustra- 
tion of  the  equipment  and  its  motion.  A sample 
mass  is  placed  between  two  springs  and  con- 
strained to  linear  motion  in  the  longitudinal  axes 
of  the  springs.  If  the  mass  is  displaced  from  its 
rest  position  X©  to  a new  position  ‘‘X'*  and  mass 
assembly  released,  it  will  undergo  essentially  un- 
damped natural  oscillation  at  a frequency  given 
by  the  well  known  relationship  shown.  If  this 
period  of  oscillation  is  accurately  measured  by  a 
high  resolution  timer,  mass  may  be  calculated. 
Rather  than  attempt  a calculation  based  on  ma- 
chine quantities  such  as  spring  rates,  a calibra- 
tion which  would  have  inevitable  errors  from 
gravitational  effects,  an  in-flight  calibration  using 
precision  masses  was  done. 

Figure  19-2  is  a plot  showing  a calibration 
record  chosen  at  random  from  one  of  the  small 
or  specimen  mass  measuring  devices  used  on  Sky- 
lab and  it  simply  shows  that  it  follows  the  theo- 
retical curve  reasonably  well.  It  really  was  chosen 
at  random,  for  linearity  is  usually  approximately 
0.1  percent  and  normally  no  points  can  be  found 
off  the  curve.  With  care  and  by  using  a modified 
calibration  curve,  accuracy  of  0.01  percent,  or 
better,  can  be  obtained  with  solid  masses. 

This  system  is  sensitive  to  any  nonrigidity 
(slosh)  in  either  sample  or  mounting  and  to  any 
external  or  sample  oscillation  (jitter)  if  either  of 
these  effects  are  near  the  fundamental  frequency 
of  oscillation.  Thus,  in  the  case  of  some  food,  li- 
quids, and  the  human  body,  special  arrangements 
have  to  be  made. 

Two  small  instruments  each  with  a capacity  of 
1 kilogram  were  flown — one  was  located  in  the 
Wardroom.  All  food  was  carefully  weighed,  an- 
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Time  ^ 

M = Mass 

K = Spring  constant 
X = Displacement 
t = Period  of  oscillation 

Figure  19-1. — Schematic  of  Spring/Mass  Oscillator  and 
its  motion. 


alyzed,  and  identified  preflight.  Any  package 
which  was  not  totally  consumed,  and  only  six  or 
so  out  of  the  thousands  were  not,  was  placed  in 
the  device  and  measured.  A perforated  elastic 
sheet  holds  the  food  package  to  it.  Operation  con- 
sists of  turning  the  counter  on,  adjusting  it  to 
zero,  and  rotating  and  holding  the  lever  which 
successively  unlocks,  displaces,  and  then  releases 
the  specimen  tray. 

The  time  for  three  periods  of  oscillation  is 
then  registered  by  the  opto-electronic  counter  up 
to  10  seconds.  This  time  is  recorded  and  voice 
relayed  to  Earth  where  mass  is  calculated  and 


Figure  19-2. — Calibration  curve  Skylab  2 Small  Mass 
Measuring  Device,  mission  day  9. 

suitable  nutritional  adjustments  are  made  to 
meals  for  the  next  day. 

There  is  a second  and  identical  instrument  in 
the  Head  on  which  all  vomitus,  of  which  there 
was  only  three  or  four  samples,  and  all  feces, 
collected  in  fecal  bags,  were  measured.  An  on- 
board graphic  conversion  to  mass  measurement 
was  made  to  allow  proper  setting  of  the  fecal  dry- 
ing timers.  All  fecal  samples  were  dried  and  re- 
turned to  Earth  in  toto  with  recorded  oscillation 
time  periods  for  analyses. 

Figure  19-3  shows  a large  or  body  mass  meas- 


Figure  19—3. — In-fligbt  pboto  of  Skylab  3 Commander 
making  daily  body  mass  measurement.  “Cbair”  oscillates 
along  back-to-front  axis  of  subject.  Timer  is  at  tbe  sub- 
ject’s left  and  tbe  forward  elastic  flexure  pivots  may  be 
seen  (diagonal  braced  lightened  frame). 
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uring  device  with  a capacity  of  100  kilograms. 
A basal  body  mass  was  made  by  each  crewman 
every  morning  after  arising  and  voiding.  The 
same  type  of  clothing  of  known  mass  was  worn 
each  day  and  any  extra  objects  were  removed 
from  the  pockets.  Although  the  human  body  is 
supposed  to  move  as  a single  rigid  structure  be- 
low 1 cycle  per  second,  this  proved  to  be  only 
approximately  true;  and  it  was  necessary  to  re- 
duce slosh  to  a minimum  by  folding  the  body  into 
the  most  rigid  configuration  possible,  and  to  re- 
duce the  period  of  1 cycle  of  oscillation  to  2 sec- 
onds. Straps  are  necessary  under  weightlessness 
to  constrain  the  body  to  the  seat. 

The  same  timer  and  timing  arrangement  is  used 
for  both  Body  Mass  and  Specimen  Mass-Measure- 
ment Devices.  After  strapping  in,  the  seat  is  un- 
locked by  cocking  the  displacement  and  release 
device  on  the  large  handle.  The  timer  is  turned 
on  and  the  device  is  adjusted  to  zero.  One  takes 
a breath,  holds  it  to  avoid  ^'jitter''  and  then  re- 
leases the  seat  to  oscillate  by  means  of  a trigger 
on  the  hand  bar.  After  three  cycles  of  timing  has 
been  completed,  the  period  is  recorded  and  later 
voice  transmitted  to  Earth  where  mass  is  calcu- 
lated, made  part  of  the  daily  medical  report  and 
teletyped  back  to  the  crew. 

Figure  19-4  is  a record  of  the  total  uncorrected 
deviations  of  the  Specimen  Mass  Measuring  De- 
vice in  the  Head  at  the  50-gram  calibration  point. 
These  points  were  taken  over  three  missions  as 
shown.  Without  going  further  into  the  engineer- 
ing aspects,  maximum  error  for  food  and  vomitus 
samples,  was  less  than  3 grams.  Repeatability  of 
body  mass  measurements  was  ± 45  grams,  and 
absolute  accuracy  was  between  -flOO  grams  and 
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+ 450  grams  and  probably  nearer  the  lower  figure. 

A number  of  hardware  support  measurements 
were  made  during  the  mission  with  excellent  re- 
sults: for  example  the  24-hour  urine  pools  were 
measured  to  an  accuracy  of  a few  milliliters. 

Rationale 

Until  Skylab,  there  was  an  unexplained  loss  of 
weight  on  every  American  astronaut  except  Alan 
Shepard  ^ on  Apollo  14  and,  so  far  as  I know,  in 
every  Russian  cosmonaut. 

There  are  three  common  theories  to  account  for 
these  losses: 

Under  weightlessness,  fluid  is  shifted  from  the 
lower  portions  of  the  body  to  the  chest  area 
where  it  is  sensed  as  an  excess  and  secreted 
by  the  kidneys  in  accord  with  the  Gauer- 
Henry  theory. 

At  least  a portion  of  the  loss  is  sometimes 
thought  to  be  metabolic  since  food  quantities 
and  opportunities  to  eat  are  frequently 
minimal. 

Under  certain  conditions  there  are  periods  of 
high  physical  activity  accompanied  by  heat 
and  other  stresses  which  can  result  in  rapid 
loss. 

A comment  may  be  in  order : One  often  thinks 
of  daily  weights  as  a highly  variable  measure- 
ment, as  indeed  they  are  unless  carefully  made. 
But  if  they  are  carefully  made  under  basal  condi- 
tions and  if  the  subject  is  on  a controlled  diet, 
losses  of  a fraction  of  a kilogram  per  week  be- 
come not  only  detectable  but  significant.  While  a 
few  grams  loss  or  gain  per  week  is  normally  of 
no  importance,  if  they  are  continued  for  months, 
especially  under  conditions  which  can’t  be  altered, 
they  become  significant  indeed. 

Figures  19-5  to  19-13  are  the  plots  of  Skylab 
crew  body  weights — preflight  and  postflight — 
from  experiment  M071  (ch.  18)  and  the  in-flight 
equivalent  weights  measured  with  the  Body  Mass 
Measurement  Device.  These  data  have  been 
smoothed  by  taking  a 3-day  sliding  average.  These 
plots  cover  the  period  that  the  crew  were  on  the 
Skylab  diet. 


Figure  19—4. — Variation  in  50-gram  calibration  point, 
Small  Mass-Measurement  Device — Skylab  Mission. 


* Recent  publication  of  data  indicates  a loss  in  this  crew- 
man also. 
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The  plots  shown  in  figures  19-5  and  19-6  are 
from  the  Commander  and  Pilot  of  Skylab  2 ; the 
Scientist  Pilot  (fig.  19-7)  had  a similar  curve 
with  a total  loss  between  the  two  shown.  Data 
for  the  first  day  were  lost  during  vehicle  repairs, 
and  this  was  also  a period  of  heat  stress.  One  sees 
a loss  which  began  with  initiation  of  the  diet  and 
accelerated  during  the  mission  itself.  The  sharp 
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Figure  19-5. — Body  mass  measurement  of  the  Skylab  2 
Commander. 
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dip  in-flight  was  coincident  with  extravehicular 
activity.  Immediately  postflight,  there  was  a tran- 
sient increase  in  weight  followed  by  a plateau. 
The  predominant  loss  pattern  of  the  first  manned 
Skylab  flight  is  consistent  with  that  of  a simple 
metabolic  deficit. 

While  the  losses  were  easily  sustained  in  this 
short  mission  they  could  not  be  tolerated  on  mis- 
sions of  long  duration.  Even  the  3.5  kilograms 
(7.7  pounds)  loss  of  the  Commander  is  significant 
in  a small  crewman  who  launched  with  a body 
fat  of  less  than  10  percent. 

On  Skylab  3 both  food  and  exercise  were  in- 
creased, and  we  see  a different  pattern.  The  Com- 
mander was  relatively  stable  preflight,  had  a sharp 
loss  for  the  first  few  days  in-flight,  and  another 
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Figure  19—7. — Body  mass  measurement  of  the  Skylab  2 
Scientist  Pilot. 
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Figure  19-6. — Body  mass  measurement  of  the  Skviab  2 

Pilot. 


Figure  19—8. — Body  mass  measurement  of  the  Skylab  3 
Commander. 


Mass,  kg 


PHYSIOLOGICAL  MASS  MEASUREMENTS  IN  SKYLAB 


179 


loss  near  the  end.  On  recovery,  there  was  the 
usual  increase  and  plateau  or  inflection  point  (fig. 
19-8).  The  Pilot,  had  an  almost  identical  curve 
(fig.  19-9).  Remember,  that  these  crewmen  had 
nausea  and  were  not  eating  properly  the  first  few 
days,  and  that  there  was  a period  of  increased 
activity,  especially  for  the  Pilot  and  Commander 
prior  to  entry.  The  Scientist  Pilot  had  a sharp 
loss  on  exposure  to  weightlessness  and  a small 
continued  loss  in-flight  consistent  with  a meta- 
bolic deficit  and  a typical  recovery  pattern  (fig. 
19-10).  Here,  I feel  that  we  see  two  other  loss 
mechanisms  demonstrated. 

From  the  time  course  of  the  losses  and  gains 
on  orbital  insertion  and  recovery,  it  seems  rea- 
sonable to  conclude  that  fluids  are  involved.  At 
the  same  time,  there  are  periods  of  increased 


stress,  such  as  preparation  for  entry  or  extra- 
vehicular activity  on  Skylab  2 which  temporarily 
exceeded  caloric  intake. 

On  Skylab  4,  food  and  exercise  was  again  in- 
creased, and  we  have  the  second  American  astro- 
naut in  space  who  lost  essentially  no  body  mass 
in-flight — the  Commander  (fig.  19-11).  His  pro- 
file shows  a preflight  gain,  a small  initial  loss, 
and  a postflight  gain.  His  crewmen  had  losses 
similar  to  or  smaller  than  the  astronauts  on  Sky- 
lab 3 (figs.  19-12,  19-13). 

We  seem  to  have  come  full  circle  and  have 
demonstrated  that  all  three  mechanisms  originally 
proposed  are  operative.  It  would  appear  that  the 
most  significant  on  this  mission  was  a simple 
metabolic  loss.  In  further  support  of  this,  the 
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Figure  19—9. — Body  mass  measurement  of  the  Skylab  3 

Pilot. 
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Figure  19—10. — Body  mass  measurement  of  the  Skylab  3 
Scientist  Pilot. 
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Figure  19-11. — Body  mass  measurement  of  the  Skylab  4 Commander. 
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average  weight  loss  of  all  crewmen  was  plotted 
versus  the  normalized  average  caloric  intake  (fig. 
19-14).  The  caloric  data  shown  are  the  latest  ob- 
tainable from  the  food  section.  Although  the 
sample  is  small,  the  relationship  seems  clear,  the 
three  subjects  off  the  ‘'main  line’’  relation  were 
also  the  three  crewmen  with  the  smallest  amount 
of  body  fat — all  three  well  under  10  percent. 

Caloric  intake  required  for  an  extrapolated 
zero  loss  is  extremely  high  indicating  a surpris- 
ingly high  in-flight  metabolic  cost. 


It  must  be  recognized  that  simply  adding  food 
to  the  diet  is  not  the  whole  answer,  for  while  this 
will  assuage  hunger  and  maintain  mass,  body 
muscle  might  be  exchanged  for  fat.  This  closely 
related  problem  of  exercise  and  conditioning  is 
the  subject  of  chapter  21. 

The  plots  in  figures  19-15  and  19-16  are  2-day 
sliding  averages  of  crew  mass  from  Skylab  3 and 
4 for  10  days  following  insertion  and  recovery  to 
demonstrate  fluid  losses.  On  Skylab  3,  there  was 
a sharp  loss  of  3 to  4 percent  of  body  weight  over 
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Figure  19-13. — Body  mass  nieasurenienl  of  the  Skylab  4 Pilot. 
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Figure  19~14. — Weight  loss  vs.  caloric  intake  for  the  nine 
Skylab  astronauts  in-flight. 


Figure  19-15. — Body  weight  change  Skylab  3 insertion 
and  recovery. 


Figure  19-16. — Body  weight  change  Skylab  4 insertion 
and  recovery. 


the  first  4 or  5 days  following  exposure  to  weight- 
lessness. On  return  to  one-g,  there  was  an  approx- 
imate reciprocal  gain.  On  Skylab  4,  we  see  the 
same  pattern  in  one  crewman ; the  crewman  who 
was  nauseated  and  not  eating  and  drinking,  just 
as  had  been  the  case  with  all  three  Skylab  3 
crewmen.  The  other  two  crewmen  showed  a much 
less  pronounced  drop,  and  on  recovery,  there  was 
a smaller  reciprocal  gain  except  for  the  Scientist 
Pilot.  It  is  my  suspicion  that  transient  fluid  losses 
or  gains  will  be  small,  probably  on  the  order  of 
1 percent  in  crewmen  who  eat  and  drink  ade- 
quate amounts  throughout  the  mission.  This  in- 
triguing question  of  fluid  loss  and  the  Gauer-Henry 
theory  will  undoubtedly  be  further  addressed  by 
the  appropriate  investigators  to  show  routes  and 
mechanism  of  loss  and  gain. 

Discussion 

For  the  future;  dietary  standards  must  be  re- 
vised to  meet  the  metabolic  requirements  of  given 
missions  and  tasks.  In-flight  studies  of  metabolic 
costs  of  realistic  activities  will  allow  better  defi- 
nition of  overall  requirements.  The  requirements 
on  this  mission  with  its  tight,  14-hour  day  work 
schedule  should  not  necessarily  be  considered  typ- 
ical of  all  missions. 

To  those  of  you  concerned  with  future  plan- 
ning; as  long  as  man  flies  and  make  measurements 
in-flight,  he  will  continue  to  need  mass  measure- 
ments. Although  the  present  system  met  the  re- 
quirements, they  were  complex,  and  the  equipment 
was  heavy,  and  expensive.  I trust  that  they  will 
not  become  the  accepted  standard,  for  in  the  8 
years  since  development  of  these  devices,  we  have 
devised  a number  of  other  models  with  marked 
advantages  over  the  spring/mass  oscillator. 

Summary 

In  summary,  we  have  demonstrated  a new  in- 
strument for  in-flight  space  operations  and  re- 
search. We  have  also  demonstrated  the  previously 
unproven  mechanisms  of  weight  losses  under 
weightlessness.  Most  importantly,  we  have  helped 
to  prove  that  the  human  body  properly  fed  can 
sustain  missions  of  long  duration  without  sig- 
nificant obligatory  mass  loss. 
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The  probability  of  significant  bone  mineral 
loss  being  initiated  by  extended  periods  of 
weightlessness  has  been  predicted  on  the  basis  of 
observations  in  bedrested  and  immobilized  sub- 
jects. Radiographic  estimates  of  bone  mineral  loss 
conducted  on  the  crewmen  of  Gemini  4,  5,  and  7 
led  to  even  greater  concern  since  the  os  calcis 
losses  ranged  from  2 to  15  percent,  the  radius  from 
3 to  25  percent  and  the  ulna  from  3 to  16  percent 
(ref.  1).  Subsequent  reevaluation  of  this  data  led 
to  the  conclusion  that  there  had  been  an  approxi- 
mate 6.7  percent  overestimation  of  loss  due  to  the 
inherent  difficulties  with  the  technique  employed 
(ref.  2).  This  conclusion  was  confirmed  in  radio- 
graphic  measurements  made  on  the  crews  of  Apollo 
7 and  8 and  in  more  precise  gamma  ray  absorp- 
tiometric  measurements  made  on  the  crews  of 
Apollo  14,  15,  and  16  (ref.  6).  This  latter  pro- 
cedure was  employed  in  the  measurements  made 
on  the  Skylab  crewmembers. 

Method 

Bone  mineral  content  was  determined  in  the 
central  left  os  calcis  and  the  right  distal  radius  and 
ulna  using  the  photon  absorptiometric  technique. 
It  employed  an  essentially  monoenergetic  photon 
source,  the  27.5  KeV  X-ray  of  Iodine-125,  and  a 
sodium  iodide  crystal  scintillation  detector.  These 
essential  elements  are  mounted  on  a scanner  yoke 
in  direct  apposition  to  each  other  and  collimated 
so  that  a 3 millimeter  beam  is  similarly  viewed  by 
a 3 millimeter  entrance  collimator  on  the  detector, 
(fig.  20-1).  The  yoke  is  mounted  on  a scanner 
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which  is  able  to  scan  a limb  placed  between  the 
source  and  detector  in  a rectilinear  raster  pattern. 
When  scanning  the  upper  extremity  the  scanner  is 
reconfigured  as  shown  in  figure  20-2.  The  limb  to 
be  scanned  is  placed  in  tissue  equivalent  material 
to  compensate  for  the  irregular  thickness  of  tissue 
cover  that  surrounds  the  bone.  The  foot  is  placed 
in  a Plexiglas®  box  filled  with  water  (fig.  20-1), 
and  the  arm  is  encased  in  Superstuff®  when 
placed  on  a platform  between  uprights  (fig.  20-2) . 

The  most  distal  2-centimeter  portion  of  the 
radius  and  ulna  were  measured  and  reported  as 
mean  mineral  content  in  grams  of  ash  per  cen- 
timeter of  bone  length.  The  mineral  content  of  the 
central  2i/^-centimeter  section  of  the  os  calcis  is 
reported  in  mg/cm-  of  hydroxyapatite.  Mineral 
content  is  obtained  from  the  basic  attenuation 
equation,  (fig.  20-3).  The  count  rate  of  the  trans- 
mitted beam  through  the  tissue  and  tissue  equiva- 
lent is  designated  as  lo*.  Each  data  point  through 
bone  is  designated  as  I.  Transmission  or  absorb- 
ance through  this  segment  is  given  as  the  log  of 
the  ratio  Io*/I  and  the  sum  of  these  values  across 
the  bone  is  proportional  to  the  mineral  content  in 
this  segment. 

The  entire  system  is  calibrated  before  and  after 
each  subject  scan  by  measuring  a Witt-Cameron 
standard  (ref.  3)  which  consists  of  three  cham- 
bers containing  dipotassium  hydrogen  phosphate 
to  simulate  bone  attenuation  and  a hydroxyapatite 
step  wedge  (ref.  4),  (fig.  20-4). 

This  technique,  in  addition  to  careful  calcium 
balance  studies,  was  applied  to  the  study  of  15 
young  male  volunteers  during  bedrest  periods  of 
24  to  36  weeks  duration.  The  following  observa- 
tions were  made. 
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Prolonged  bedrest  can  result  in  significant  min- 
eral losses  in  the  central  os  calcis  (fig.  20-5). 
Losses  up  to  40  percent  have  been  observed. 
This  bone  is  both  highly  trabecular  as  well  as 
weight-bearing.  In  contrast,  the  radius,  a 
primarily  cortical  and  nonweight-bearing 
bone,  has  failed  to  exhibit  mineral  losses  dur- 
ing periods  of  up  to  36  weeks  of  bedrest. 

The  mean  rate  of  whole  body  calcium  loss  was 
about  0.5  percent  per  month.  Urinary  calcium 

Y-axis 


Figure  20—1. — Scanning  apparatus  in  the  heel  scanning 
configuration.  Foot  rests  in  a Plexiglas®  box  containing 
water  as  a tissue  equivalent.  Plastic  box  and  bolder  is 
placed  between  source  S and  detector  D on  correspond- 
ing points  A'B'C'D'. 


increased  approximately  100  milligrams  per 
day  greater  than  the  basal  value,  (fig.  20-6). 
A similar  pattern  occurred  in  the  calcium  bal- 
ance. The  losses  reached  200  to  300  milligrams 
per  day  by  the  fifth  to  eighth  week  and  per- 
sisted throughout  the  bedrest  period  (ref.  5) , 
(fig.  20-7). 

Little  or  no  os  calcis  mineral  loss  was  observed 
during  the  first  month  of  bedrest,  i.e.,  a mean 
of  —2.6  percent  with  ±2.7  percent  Standard 
Deviation  (table  20-1).  Mineral  loss  there- 
after averaged  about  5 percent  per  month.  The 
2-month  mean  losses  in  15  subjects  was  —7.0 
percent  with  one  Standard  Deviation  limits  of 
— 1.5  to  —12.5  percent.  At  approximately  3 
months,  the  mean  loss  increased  to  11.2  per- 
cent ±7  percent. 

This  wide  variability  of  data  was  reconciled 
when  it  was  observed  that  the  loss  could  be  cor- 
related with  the  initial  24-hour  urinary  hydroxy- 


Ficure  20—2. — Scanning  apparatus  in  tbe  arm  scanning 
configuration.  Arm  rests  on  a bolder  between  two  up- 
rights and  is  encased  in  SuperstuflT®,  a tissue  equivalent 
material.  Arm  bolder,  is  placed  between  source  S and  de- 
tector D on  corresponding  points  A'B'C'D', 
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15  = 100%  transmission  through  tissue  equivalent 
materia)  during  1/64  inch  travel  (scan  speed 
constant) 

I = Total  counts  accumulated  during  each  1/64 
inch  travel  over  bone 

Shaded  area  represents  beam  attenuation  due  to 
interposed  bone. 

Sum  of  In  {I5/I)  for  each  I through  bone  equals 
computer  units  for  that  row. 

Sixteen  rows  are  measured. 


Figure  20—3. — Method  of  computing  mineral  content. 


proline  excretion  and  the  initial  os  calcis  bone 
mineral  content.  We  postulated  that  persons  with 
a high  calcaneal  mineral  content  and/or  a low 
urinary  hydroxyproline  excretion  rate  would  be 
likely  to  retain  more  mineral  during  bedrest.  Thus, 
the  calcaneal  mineral  which  remains  at  any  time 
during  bedrest  would  be  a function  of  the  base- 


Figure  20—4. — Standards.  Witt-Cameron  standard  on  the 
left  and  hydroxyapatite  step  wedge  on  the  right. 


line  calcaneal  mineral  divided  by  urinary  hydroxy- 
proline (corrected  for  creatinine  excretion).  We 
will  refer  to  this  as  the  prediction  term.  The  pre- 
diction term  appropriate  to  each  of  these  subjects 
is  given  in  table  20-1. 

When  the  prediction  term  for  each  subject  is 
plotted  against  the  mineral  losses  observed,  a 
series  of  regression  lines  were  derived  which  can 
be  used  to  estimate  potential  mineral  losses  for 
any  subject  whose  prediction  term  has  been  de- 
termined, (fig.  20-8).  It  can  be  seen  that  a high 
prediction  term  is  associated  with  little  os  calcis 
mineral  loss  and  a low  prediction  term  is  associ- 
ated with  larger  losses. 

Having  established  these  bone  mineral  loss  pro- 
files for  simulated  weightlessness  here  on  Earth 
we  then  applied  our  technique  to  the  estimation  of 
mineral  content  change  in  the  distal  right  radius 
and  ulna  and  the  central  left  os  calcis  of  the  nine 
Skylab  crewmen.  Measurements  were  carried  out 
preflight  at  about  30,  15,  and  5 days  before  launch 


186 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


and  on  recovery  day  and  days  1 and  7 postflight, 
and  at  variable  times  thereafter.  The  crew  of 
Skylab  2 and  Skylab  3 were  studied  until  each 
had  returned  to  baseline.  The  Skylab  4 crew  study 
had  to  be  terminated  before  two  of  the  crew- 
men had  returned  to  baseline  levels.  A series  of 
control  subject  measurements  were  also  made  in 
parallel  with  the  crew.  Seven  subjects  were  stud- 


ied during  Skylab  2 and  Skylab  4 and  six  during 
Skylab  3. 

Results 

The  mineral  content  changes  for  the  Skylab 
crewmen  are  given  in  table  20-11  and  the  controls 
in  table  20-III.  When  the  values  for  crew  and  con- 
trols are  compared,  it  is  clear  that  no  losses  were 


Mean 
+ 2SD 


Figure  20—5. — Calcaneal  mineral  loss  during  bedrest. 


Mean 

±2SD 


Figure  20-6. — Hypercalciuria  during  bedrest  without  treatment. 
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Figure  20—7. — Negative  calcium  balance  during  bedrest  without  treatment. 


Table  20-1. — Os  Calcis  Mineral 


15  Bedrest  subjects 

Prediction 

Change  from  mean  baseline 

Subject 

term 

28  days 

59  days 

8J^  days 

1 

percent 

11.2 

percent 

-3.1 

percent 
- 9.3 

percent 

-15.1 

2 

13.7 

-3.9 

- 9.7 

-14.1 

3 

14.1 

-8.6 

-17.5 

-23.1 

4 

14.8 

-3.7 

-10.9 

-17.5 

5 

16.3 

-5.2 

-12.9 

-19.4 

6 

18.0 

-4.2 

- 9.3 

-13.6 

7 

20.5 

-4.2 

-11.0 

-16.3 

8 

20.8 

-3.3 

- 8.7 

-14.1 

9 

21.7 

-0.4 

- 2.0 

- 4.0 

10 

23.7 

-0.1 

- 3.5 

- 8.2 

11 

25.7 

-0.3 

- 1.5 

- 3.4 

12 

28.1 

-3.6 

- 8.8 

-14.8 

13 

29.7 

-fO.l 

+ 0.6 

+ 0.9 

14 

30.5 

+ 2.3 

+ 2.2 

- 1.9 

15 

36.3 

-0.9 

- 2.5 

- 3.5 

Mean 

-2.6 

- 7.0 

-11.2 

± SD 

±2.7 

± 5.5 

± 7.3 

observed  in  either  the  radius  or  ulna  and  that  loss 
of  os  calcis  mineral  was  observed  only  in  the  Sci- 
entist Pilot  of  Skylab  3 and  the  Scientist  Pilot  and 
Pilot  of  Skylab  4.  The  Scientist  Pilot  of  Skylab  3 
had  regained  his  os  calcis  mineral  by  day  87  post- 
flight whereas  the  Scientist  Pilot  and  Pilot  of 
Skylab  4 had  not  returned  to  preflight  levels  by 
day  95  postflight. 

The  losses  observed  generally  followed  the  loss 
patterns  observed  in  the  heterogeneous  group  of 
bedrested  subjects.  The  prediction  terms  for  four 
of  the  Skylab  2 and  Skylab  3 crewmen  fell  within 
the  limits  observed  in  the  bedrested  subjects  and 
mineral  loss  was  predicted  and  seen  only  in  the 
Scientist  Pilot  of  Skylab  3,  (open  circles  in  fig. 
20-8).  The  two  crewmen  who  had  higher  predic- 
tion terms  did  not  lose  mineral.  The  Skylab  4 
crew  had  high  prediction  terms  outside  of  the 
limits  set  by  the  bedrest  experience  and  therefore 
predictions  for  this  crew  based  upon  the  bedrested 
data  was  not  possible,  (table  20-1 V).  It  was  ex- 
pected, however,  that  losses  in  the  os  calcis  would 
not  exceed  5 percent.  The  7.9  percent  loss  seen  in 
the  Pilot  cannot  be  explained  on  this  basis. 


188 


BIOMEDICAL  RESULTS  PROM  SKYLAB 


o Astronaut  data 
• Bedrest  patient  data 


□ 2 SD.  28  days 


Prediction  term 


□ 2 SD.  59  days 


(O 


Figure  20—8. — Os  colds  mineral  loss  for  varying  prediction  terms  during  28,  59,  70, 
and  84  days  of  bedrest,  15  subjects. 


Discussion 

Based  upon  all  of  this  data  we  have  the  follow- 
ing evidence  that  the  bedrest  situation  is  a closer 
approximation  of  the  flight  situation  with  regard 
to  bone  mineral  than  heretofore  suspected. 


Calcium  balances  are  similar  for  a 30-day  period 
with  0.3  percent  being  lost  on  the  first  Skylab 
mission  and  0.5  percent  being  lost  during  a 
comparable  period  of  bedrest. 

Mineral  loss  from  the  os  calcis  was  not  evident 


Table  20-11. — Skylab  Crewmen  Bone  Mineral  Data 


MissioUf 

duration 

Crewman 

Postflight  ^ percent  of  mean  baseline 

Left 
os  calcis 

Right 

radius 

Right 

ulna 

percent 

percent 

percent 

Skylab  2, 

Commander 

+ 0.5 

-0.5 

-0.9 

28  Days 

Scientist  pilot 

-0.9 

+ 1.4 

+ 1.9 

Pilot 

+ 2.7 

+ 0.2 

+ 3.1 

Skylab  3, 

Commander 

+ 2.3 

-1.4 

+ 0.4 

59  Days 

Scientist  pilot 

-7.4 

+ 0.2 

-1.6 

Pilot 

+ 1.4 

-1.6 

-0.4 

Skylab  4, 

Commander 

+ 0.7 

-1.1 

-1.7 

84  Days 

Scientist  pilot 

-4.5 

+ 1.0 

0.0 

Pilot 

-7.9 

-0.6 

+ 1.4 

^ Skylab  2 and  Skylab  3 — recovery  day;  Skylab  4 — day  1 postflight. 
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during  the  28  days  of  the  first  Skylab  mission, 
nor  after  a similar  period  of  bedrest. 

Mineral  losses  from  the  os  calcis  during  the  59- 


Table  20-llL— Controls 


Bone  mineral 

Post  flight  percent  of  mean  baseline 

Mission 

Skylab  2 

Skylab  3 

Skylab  If. 

days 

28 

59 

8If 

Subject 

Left  os  calcis 

percent 

percent 

percent 

CA 

+ 1.2 

+ 2.1 

+ 1.6 

SB 

+ 1.6 

+ 2.0 

+ 2.1 

JH 

+ 2.2 

FK 

-0.2 

CLP 

+ 2.3 

+ 0.7 

+ 0.7 

CR 

+ 2.4 

AS 

-1.3 

JU 

+ 0.2 

JV 

-1.7 

-0.2 

+ 0.9 

MW 

-0.7 

+ 1.8 

+ 0.6 

Mean  ± SD 

+ 0.8  ±1.6 

+ 1.0±1.1 

+ 1.0±1.2 

Right  radius 

CA 

-2.2 

+ 0.9 

" -2.9 

SB 

-0.8 

+ 0.4 

+ 0.6 

JH 

+ 0.8 

FK 

-0.8 

CLP 

-0.4 

-0.3 

-0.4 

CR 

-0.4 

AS 

-0.7 

JU 

0.0 

JV 

+ 0.6 

+ 0.9 

-1.2 

MW 

-0.7 

-0.8 

-0.6 

Mean  ± SD 

-0.6  ±0.9 

+ 0.1±0.8 

-0.6±1.2 

Right  ulna 

CA 

-2.1 

-2.1 

^-3.2 

SB 

+ 0.8 

-2.4 

-1.1 

JH 

+ 1.1 

FK 

-2.2 

CLP 

-0.6 

+ 1.6 

+ 0.2 

CR 

+ 0.5 

AS 

+ 0.7 

JU 

-0.8 

JV 

+ 2.8 

-0.2 

-0.6 

MW 

+ 0.7 

-3.6 

-2.0 

Mean  ± SD 

+ 0.2±1.6 

-1.5±1.8 

-0.7±1.5 

^ Arm  in  plaster  for  short  period  during  the  mission. 


day  mission  fell  within  the  limits  set  by  the 
bedrest  experience,  i.e.,  — 7.0±5.5  percent. 

Mineral  losses  from  the  os  calcis  during  the  84- 
day  mission  fell  within  the  limits  set  by  the 
bedrest  experience,  i.e.,  — 11.2±7.3  percent. 

In  neither  situation  were  mineral  losses  seen  in 
the  radius  or  ulna. 

Of  the  nine  crewmen  studied,  only  four  had  pre- 
diction terms  within  the  range  of  the  bed- 
rested  subjects.  The  os  calcis  mineral  changes 
observed  in  these  four  crewmen  fell  within 
the  predicted  limits. 

During  Skylab  3 the  Scientist  Pilot  doubled  his 
urinary  calcium  whereas  the  Commander  and 
Pilot  only  increased  50  percent  of  preflight 
level.  Only  the  Scientist  Pilot  had  os  calcis 
mineral  loss. 

During  Skylab  4 urinary  calcium  more  than 
doubled  during  flight  in  the  Pilot,  increased 
by  65  percent  in  the  Scientist  Pilot  and  in- 
creased by  60  percent  in  the  Commander.  Os 
calcis  mineral  losses  occurred  in  the  same 
order,  i.e.,  greatest  in  the  Pilot. 

Conclusions 

It  is  concluded  that  mineral  losses  do  occur  from 
the  bones  of  the  lower  extremities  during  missions 
of  up  to  84  days  and  that  in  general  they  follow 
the  loss  patterns  of  the  bedrested  situation.  The 
levels  of  loss  observed  in  the  Skylab  crews  have 
been  of  no  clinical  concern.  A prediction  term  has 
been  proposed  in  an  attempt  to  translate  bedrest 
data  into  the  weightless  condition.  In  general,  this 
has  been  applicable  to  weightlessness  in  all  crew- 
men whose  prediction  term  fell  within  the  limits 
set  by  the  bedrest  study. 


Table  20-IV. — Skylab  Crews 


Crewman 

Prediction  terms'^ 

Skylab  2 

Skylab  3 

Skylab  4 

Commander 

15.0 

35.3 

38.7 

Scientist  Pilot 

41.6 

27.7 

61.5 

Pilot 

30.0 

54.9 

44.3 

^ mean  preflight 

08  calcis  mineral 

(mg/ cm  *) 

mean  preflight  urinary  hydroxyproline/g  creatinine 
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CHAPTER  21 


. N77-33801 

Muscular  Deconditioning  and  Its  Prevention  in 
Space  Flight 

William  E.  Thornton  ^ and  John  A.  Rummel  ^ 


A MAJOR  PORTION  of  man's  musculoskeletal  sys- 
tem is  dedicated  to  supporting  and  moving 
his  body  against  Earth's  gravity.  This  mass  of 
muscle  places  heavy  requirements  for  support  on 
other  body  systems.  For  example,  the  maximum 
capacity  of  the  cardiovascular  and  respiratory 
systems,  and  to  a large  measure  their  condition,  is 
a function  of  demands  from  the  body's  muscula- 
ture. It  is  a common  experience  that  removal  of 
muscle  stresses  under  one-g,  that  is,  lack  of  suit- 
able exercise,  results  in  atrophy  of  both  muscle 
and  its  supporting  systems.  It  could  be  confidently 
predicted  that  atrophy  would  occur  rapidly  under 
weightlessness  unless  suitable  exercise  was  pro- 
vided. 

The  time  taken  for  such  atrophy  to  occur  al- 
lowed short  missions  such  as  Apollo  to  proceed 
without  significant  problems.  But  it  was  no  longer 
possible  to  consider  a long  mission  like  Skylab 
without 

1.  some  method  of  evaluating  muscle  condition, 
and 

2.  suitable  in-flight  exercise. 

On  Skylab,  we  instituted  first  a minimum  impact 
muscle  function  test,  and  as  the  mission  demanded, 
added  exercise  and  exercise  devices  and  expanded 
the  testing.  The  result  was  a different  exercise 
environment  on  each  flight,  such  that  we  had  three 
experiments,  with  the  results  of  each  flight  affect- 
ing the  next.  The  flights  will  be  described  chrono- 
logically. This  report  will,  insofar  as  possible, 

• NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas.  * 


address  only  aspects  of  skeletal  muscle  since  the 
cardiovascular  aspects  of  conditioning  and  use  of 
the  bicycle  ergometer  are  covered  in  chapters  29 
and  36. 

Procedure 

Evaluation  of  the  right  arm  and  leg  was  done 
preflight  and  postflight  on  all  missions  with  the 
Cybex  Isokinetic  Dynamometer.  This  dynamom- 
eter may  be  rotated  in  either  direction  without 
resistance  until  the  adjustable  limit  speed  is 
reached.  Speed  cannot  be  increased  above  this 
limit  by  forces  of  any  magnitude,  that  is,  the  con- 
stant speed-maximum  force  of  isokinesis  is 
achieved.  Input  or  muscle  forces  are  continuously 
recorded.  Various  arms,  handles,  and  the  like  may 
be  attached  to  the  dynamometer  to  couple  any  de- 
sired segment  of  the  body  to  the  machine. 

The  arrangement  used  on  Skylab  is  shown  in 
figure  21-1.  A crewman,  after  thorough  warm  up, 
made  10  maximum  effort  full  flexions  and  exten- 
sions of  the  arm  at  the  elbow  and  of  the  hip  and 
knee  at  an  angular  rate  of  45  degrees  per  second. 

A continuous  force  record  was  made  of  each 
repetition  at  a rate  of  25  millimeters  per  second 
and  the  integral  of  force,  or  under  these  condi- 
tions, work  is  recorded  on  a second  channel  (fig. 
21-2). 

Machine  errors  are  small,  2 to  3 percent  or  less. 
The  test  gives  a measurement  of  strength  com- 
parable to  the  more  commonly  used  isometric  test- 
ing, but  has  the  great  advantage  of  recording  this 
force  throughout  the  whole  range  of  motion  as  well 
as  allowing  a number  of  repetitions  for  statistical 
purposes.  It  is  sensitive  enough  to  show  small 
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Figure  21-1. — Test  arrangement,  Cybex  Isokinetic  Dynamometer. 


changes  in  performance  which  may  occur  in  days. 

A great  deal  of  information  is  contained  in  the 
recordings  made,  but  only  one  quantity  will  be 
used  here — the  peak  force  of  each  repetition  at  the 
same  point  in  the  cycle.  Use  of  a single  point  on 
the  tension  curve  to  represent  the  entire  curve 
may  be  open  to  criticism,  especially  in  the  leg 
where  a number  of  muscles  are  involved.  However, 
for  the  purposes  here,  I feel  this  is  a valid  measure 
of  strength  of  the  muscles  tested. 

A plot  of  such  peak  points  from  a preflight  and 


Time,  s 


postflight  curve  is  shown  in  figure  21-3.  The 
strength  for  a given  movement  is  taken  as  the 
average  of  10  repetitions.  It  is  obvious,  a fatigue 
decrement  is  present  and  may  vary.  It  is  included 
in  the  strength  figure  by  virtue  of  averaging  the 
10  repetitions. 

On  Skylab  2 only  the  bicycle  ergometer  was 
used  for  in-flight  exercise.  Pete  Conrad  used  it  in 
the  normal  fashion  and  was  the  only  person  on 
Skylab  to  use  it  in  the  hand-pedal  mode  and  also 
the  only  person  on  this  crew  to  exercise  at  rates 
comparable  to  those  of  later  missions. 

On  Skylab  2,  testing  was  performed  18  days 

V = Flexion,  preflight 
▼ = Flexion,  postflight  R+9  days 
O = Extension,  preflight 
♦ = Extension,  postflight  R+9  days 


Figure  21-2. — Recording  of  muscle  forces,  right  leg,  Sky- 
lab 3 Backup  Pilot. 


Figure  21-3. — Peak  arm  forces  prefliglit  and  postflight, 
Skylab  3 Commander. 
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before  launch  and  5 days  postflight.  It  was  recog- 
nized that  this  was  too  far  removed  from  the  flight, 
but  this  was  the  best  that  could  be  done  under 
schedule  constraints. 

By  the  time  muscle  testing  was  done  on  day  5, 
there  had  been  a significant  recovery  in  function ; 
however,  a marked  decrement  remained.  The  dec- 
rement in  leg  extensor  strength  approached  25 
percent;  the  arms  suffered  less  but  also  had 
marked  losses.  The  Commander’s  arm  extensors 
had  no  loss,  since  he  used  these  muscles  in  hand- 
pedaling  the  bicycle.  This  illustrates  a crucial 
point  in  muscle  conditioning;  to  maintain  the 
strength  of  a muscle,  it  must  be  stressed  to  or  near 
the  level  at  which  it  will  have  to  function.  Leg  ex- 
tensor muscles  which  supijort  us  in  standing  and 
propel  us  in  walking  must  develop  forces  of 
hundreds-of-pounds,  while  the  arm  extensor  forces 
are  measured  in  tens-of-pounds.  Forces  developed 
in  pedaling  the  bicycle  ergometer  are  typically 
tens-of-pounds  and  are  totally  incapable  of  main- 
taining leg  strength.  The  bicycle  ergometer  is  an 
excellent  machine  for  aerobic  exercise  and  cardio- 
vascular conditioning,  but  it  simply  cannot  de- 
velop either  the  type  or  level  of  forces  to  maintain 
strength  for  walking  under  one-g. 

Immediately  after  Skylab  2,  work  was  started 
on  devices  to  provide  adequate  exercise  to  arms, 
trunk,  and  legs.  A mass-produced  commercial  de- 
vice, called  Mini . Gym,  was  extensively  modified 
and  designated  “MK-I.”  A centrifugal  brake  ar- 
rangement approximated  isokinetic  action  on  this 
device. 

Only  exercises  which  primarily  benefited  arms 
and  trunk  were  available  as  shown  in  figure  21-4. 


Forces  transmitted  to  the  legs  were  higher  than 
those  from  the  ergometer,  but  they  were  still 
limited  to  an  inadequate  level,  since  this  level 
could  not  exceed  the  maximum  strength  of  the 
arms  which  is  a fraction  of  leg  strength. 

A second  device,  designated  “MK-II,”  consisted 
of  a pair  of  handles  between  which  up  to  five  ex- 
tension springs  could  be  attached,  allowing  maxi- 
mum forces  of  25  pounds  per  foot  of  extension  to 
be  developed. 

These  two  devices  were  flown  on  Skylab  3,  and 
food  and  time  for  exercise  was  increased  in-flight. 
The  crew  performed  many  repetitions  per  day  of 
their  favorite  maneuvers  on  the  “MK-I”  and  to  a 
lesser  extent,  the  “MK-II.”  Also,  the  average 
amount  of  woi-k  done  on  the  bicycle  ei’gometer 
was  more  than  doubled  on  Skylab  3 with  all  crew- 
men participating  actively. 

Results  of  muscle  testing  of  Skylab  3 ci'ewmen 
demonstrated  marked  differences  from  the  Skylab 
2 crew.  Changes  in  arm  forces  on  Skylab  3,  shows 
complete  preservation  of  flexor  function  in  con- 
trast to  Skylab  2 (fig.  21-5).  The  Scientist  Pilot 
showed  a marked  gain  in  arm  strength.  This  is  the 
result  of  putting  a good  distance  runner,  which 
Owen  is,  on  the  equivalent  of  a weightlifting  pro- 
gram. 

Leg  function  in  figure  21-6,  shows  a different 
picture.  Only  two  Skylab  3 crewmen  are  shown 
since  the  Commander  suffered  a recurrence  of  a 
back  strain  from  a lurch  resulting  from  a roll  of 
the  recovery  ship — possibly  another  demonstra- 
tion of  the  hazard  of  muscle  deconditioning.  Al- 
though there  is  a relative  improvement  or  less  loss 
over  Skylab  2 there  nevertheless  remains  a signifi- 


Ficure  21-4. — MK-I  exercise  positions. 
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cant  reduction  in  muscle  strength.  It  seems  rather 
obvious  that  the  and  ^‘MK-IF’  exercise 

devices  did  a good  job  in  arm  preservation  but 
were  still  inadequate  to  maintain  leg  function. 

Some  device  which  allowed  walking  and  run- 
ning under  forces  equivalent  to  gravity  appeared 
to  be  the  ideal  answer  to  this  problem.  This  had 
long  been  recognized  and  immediately  after  Skylab 
2,  work  was  started  on  a treadmill  for  Skylab  4. 
As  the  mission  progressed,  launch  weight  of  Sky- 
lab 4 became  crucial  such  that  the  final  design  was 
simulation  of  a treadmill  in  response  to  the  weight 
constraints.  The  final  weight  for  the  device  was 
31/2  pounds. 


Skylab  2 Skylab  3 


Commander 

• 

O 

Scientist  Pilot 

A 

A 

Pilot 

■ 

□ 

Figure  21-5. — Changes 

in 

arm  forces  on  Skylab  2 and 

Skylab  3. 


The  treadmill,  shown  in  figure  21-7,  consisted  of 
a Teflon®  coated  aluminum  walking  surface  at- 
tached to  the  iso-grid  floor.  Four  rubber  bungees 
provided  an  equivalent  weight  of  80  kilograms  and 
were  attached  to  a shoulder  and  waist  harness.  By 
angling  the  bungees,  an  equivalent  to  a slippery 
hill  is  presented  to  the  subject  who  must  climb  it. 
High  loads  were  placed  on  some  leg  muscles,  es- 
pecially in  the  calf,  and  fatigue  was  rapid  such 
that  the  device  could  not  be  used  for  significant 
aerobic  work. 

On  Skylab  4,  the  crew  used  the  bicycle  ergome- 
ter  at  essentially  the  same  rate  as  Skylab  3,  and 
the  MK-I  and  MK-II  exercisers.  In  addition,  they 


Skylab  2 Skylab  3 
Commander  • O 

Scientist  Pilot  A A 

Pilot  ■ □ 

Figure  21-6. — Changes  in  leg  forces  on  Skylab  2 and  Skv- 

lab  3. 
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Figure  21-7. — Treadmill  arrangem"’>l. 


typically  performed  10  minutes  per  day  of  walk- 
ing, jumping,  and  jogging  on  the  treadmill.  Food 
intake  had  again  been  increased. 

Even  prior  to  muscle  testing,  it  was  obvious 
that  the  Skylab  4 crew  was  in  surprisingly  good 
condition.  They  stood  and  walked  for  long  periods 
without  apparent  difficulty  on  the  day  after  re- 
covery in  contrast  to  the  earlier  missions.  Results 
of  the  testing  confirmed  a surprisingly  small  loss 
in  leg  strength  after  almost  3 months  in  weight- 
lessness. A summary  of  the  exercise  and  strength 
testing  shown  in  averaged  values  for  the  three 
missions  is  depicted  in  figures  21-8  and  -9.  One 


work,  watt-min/kg  31.3  65.0  71.0 

Figure  21—8. — Average  strength  changes,  arm. 


Figure  21-9. — Average  strength  changes,  leg. 


point  to  be  noted  is  the  relatively  small  losses  in 
arms  as  compared  to  legs  in  all  missions.  This  is 
reasonable  for  in  space  ordinary  work  provides 
loads  for  the  arms  that  are  relatively  much 
greater ; the  legs  receive  virtually  no  effective  load- 
ing. With  the  MK-I  and  MK-II  exercisers,  arm 
losses  were  reduced  to  negligible  values  except  in 
arm  extensors  on  Skylab  4,  most  of  which  was 
accounted  for  by  the  Commander. 

Size  is  another  common  measure  of  muscle  con- 
dition, and  a plot  of  average  change  in  leg  volume 
for  each  crew  in  the  postflight  period  is  shown  in 
figure  21-10.  Changes  for  the  first  2 days  must  be 


Figure  21-10. — Average  leg  volume  change,  postflight. 
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primarily  loss  of  fluid.  The  crews  of  Skylab  2 and 
3 lost  essentially  the  same  volume  in  spite  of  a 
twofold  difference  in  mission  duration  which  indi- 
cates partial  protection  from  increased  ergometer 
work,  other  exercise  devices  and  increased  food  on 
Skylab  3.  The  longest  mission,  Skylab  4,  lost  only 
one-half  of  the  volume  of  the  shorter  ones.  A sec- 
ond point  is  that  Skylab  4 crewmen  quickly  re- 
covered their  preflight  volume  in  contrast  to  the 
crewmen  of  the  other  two  missions.  Notice  that 
this  data  parallels  that  of  leg  extensor  strength 
losses  which  were  roughly  equal  on  Skylab  2 and 
3,  and  sharply  reduced  on  Skylab  4. 

There  was  a six-and-one-half-  to  ninefold  reduc- 


tion in  rate-of-loss  of  leg  extensor  strength,  leg 
volume,  lean  body  mass  and  total  body  mass  from 
Skylab  2 to  Skylab  4.  One  might  argue  that  this 
reduction  simply  represents  some  kind  of  equilib- 
rium with  increasing  mission  duration,  but  this  is 
not  consistent  with  data  shown  in  table  21-1 
which  shows  absolute  losses. 

As  shown  in  figure  21-11,  Skylab  4 shows  again 
a marked  improvement  as  regards  weight,  leg 
strength,  and  leg  volume.  I think  it  is  correct  to 
attribute  these  reductions  in  loss  of  muscle 
strength  and  bulk  to  the  exercise  devices  and  ex- 
ercise time  that  were  added.  There  can  be  little 
doubt  that  adding  the  MK-I  and  MK-II  improved 


Table  21-1. — Summary  of  Crew  Averages  of  Exercise  Related  Data 


Skylab 

crew 

Change 
in  leg 
extension 
forces 

F-15  toR  + 1, 
percent/day 

Change  in 
leg  volume 
F-15  toR+5, 
percent/day 

Change 
in  lean 
body  mass 
F-15  to  R^-ly 
percent/day 

Change  in 
body  weight 
F-1  toR-\-0, 
percent/day 

Average 

daily 

ergometer 
exercise/ 
body  weight 
watt-min/kg 

^2 

- 0.89 

- 0.160 

- 0.089 

- 0.13 

31.3 

"3 

- 0.44 

- 0.088 

- 0.019 

- 0.08 

65.0 

*4 

- 0.09 

- 0.023 

- 0.011 

- 0.02 

71.0 

^ Bicycle  ergometer. 

2 Bicycle  ergometer,  MK-I  and  MK-II  exercisers. 

® Bicycle  ergometer,  MK-I  and  MK-II  exercisers,  treadmill. 


80 

60 

Ergometer, 

average 

watt*min/day 

20 

0 

-1 

-2 

Weight  and  volume, 
percent  lost  _3 


-5 


Day  28  Day  56  Day  84 

Skylab  2 Skylab  3 Skylab  4 
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Leg  strength 
Leg  volume 


Leg  strength, 
percent  lost 


Figure  21-11. — Exercise  related  quantities  on  Skylab  missions. 
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the  arm  performance  of  the  crewmen  on  Skylab  2 
and  3 ; and  equally  little  doubt  that  the  treadmill 
sharply  reduced  loss  of  leg  strength  and  mass, 
since  there  was  negligible  increase  in  leg  exercise 
with  other  devices  on  Skylab  4. 

However,  it  must  be  recognized  that  another 
variable  was  present — food.  Virtually  all  the  nu- 
tritionists that  I know  recognize  that  metabolic 
losses  in  normal  subjects  are  mixed,  i.e.,  both  fat 
and  muscle  are  lost.  Vanderveen  and  Allen  ^ delib- 
erately reduced  caloric  intake  during  a one-g  cham- 
ber test  simulation  of  space  flight  conditions  using 
subjects  chosen  to  be  as  equivalent  as  possible  to 
the  astronaut  population.  They  found  an  almost 
pure  muscle  loss. 

The  conclusion  is  that  muscle  in  space  is  no 
different  from  muscle  on  Earth;  if  it  is  properly 
nourished  and  exercised  at  reasonable  load  levels, 
it  will  maintain  its  function. 

I think  that  a properly  designed  treadmill  used 
for  considerably  less  than  an  hour  a day  will  not 
only  protect  leg  and  trunk  musculature,  but  will 
also  provide  aerobic  exercise  to  cover  the  cardio- 
respiratory system.  It  will  not  be  difficult  to  add 
arm  exercise  at  the  same  time  such  that  we  meet 
the  requirements  for  a single  total  body  exerciser. 

The  muscle-system  is  rightly  described  as  the 
musculoskeletal  system  since  they  are  inseparable. 

^Vanderveen,  J.  E.  and  T.  H.  Allen.  1972.  Energy 
Requirements  of  Man  Living  In  a Weightless  Environ- 
ment. COSPAR,  Life  Sciences  and  Space  Research  X — 
Akademie-Verlag-Berlin. 


While  I would  not  dare  comment  on  the  Ca+  ion 
and  its  dynamics,  I will  say  that  bone,  like  muscle, 
when  properly  stressed  and  nourished,  will  in  all 
probability  retain  its  strength.  Bedrest  studies 
notwithstanding,  it  seems  entirely  possible  to  de- 
sign such  stressors  that  are  compatible  with  space 
flight. 

Finally  we  see  another  system  of  the  human  body 
which,  properly  nourished  and  provided  with  a 
minimum  of  support,  in  this  case  physical  stress, 
can  adapt  to  weightlessness  and  retain  its  func- 
tion for  return  to  one-g. 
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CHAPTER  22 

Biostereometric  Analysis  of  Body  Form 

Michael  W.  Whittle,®  Robin  Herron,"  and  Jaime  Cuzzi  * **> 


Biostereometrics  is  the  science  of  measuring, 
and  describing  in  mathematical  terms,  the 
three-dimensional  form  of  biological  objects.  An 
extensive  background  to  the  subject  has  been  given 
by  Herron  (ref.  1).  Exposure  to  weightlessness 
results  in  a dramatic  change  in  the  patterns  of 
muscular  activity  in  the  human  body  insofar  as 
they  control  posture  and  are  responsible  for  loco- 
motion. These  changes  in  muscular  activity  might 
be  expected  to  result  in  changes  in  the  bulk  of 
particular  muscle  groups,  and  in  the  overall 
energy  consumption  of  the  body,  which,  unless 
accompanied  by  a compensating  change  in  food  in- 
take, would  cause  a change  in  body  fat.  Biostereo- 
metric analysis  enables  changes  in  muscle  bulk  to 
be  measured,  and  by  examining  those  areas  of  the 
body  containing  fat  deposits,  enables  general  con- 
clusions to  be  drawn  about  changes  in  body  fat. 

Method 

The  biostereometric  measurements  of  the  Skylab 
crewmen  were  made  by  four-camera  stereophoto- 
grammetry,  during  the  immediate  preflight  and 
postflight  periods.  Photographs  were  taken  of  the 
first  (Skylab  2)  crew  39,  14,  and  2 days  prior  to 
launch  day,  on  recovery  day,  and  19  days  after 
recovery.  The  second  (Skylab  3)  crew  was  photo- 
graphed 31,  14,  and  5 days  prior  to  launch  day, 
and  1 and  31  days  after  recovery.  The  final  (Sky- 
lab 4)  crew  was  photographed  35,  21,  10,  and  6 
days  prior  to  launch  day,  and  on  recovery  day,  and 
1,  4,  30,  and  68  days  after  recovery.  The  subjects 


* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

**  Texas  Institute  for  Rehabilitation  and  Research, 
Houston,  Texas. 


were  weighed  within  a few  minutes  of  taking  the 
photographs. 

The  layout  of  the  apparatus  is  shown  in  figure 
22-1.  The  subject  stands  between  two  control 
stands,  which  provide  dimensional  information  in 
the  three  orthogonal  axes.  He  is  photographed 
simultaneously  by  two  cameras  in  front,  and  two 
cameras  behind.  The  subject  is  nude  except  for 
an  athletic  supporter,  and  a skullcap  to  press  his 
hair  down.  To  minimize  variations  in  chest  volume, 
photographs  are  taken  in  maximal  forced  exhala- 
tion. Between  each  pair  of  cameras  is  a strobe- 
projector,  which  through  a focusing  lens  projects 
a pattern  of  lines  onto  the  subject's  skin,  making  it 
easier  to  visualize  during  the  subsequent  plotting 
process.  The  cameras  are  modified  wide-angle 
Hasselblads  using  fine-grain  glass  plates,  for  di- 
mensional stability  of  the  image.  Duplicate  sets 
of  plates  are  exposed  to  insure  against  breakage 
or  camera  malfunction.  The  equipment  is  portable, 
and  photographs  were  taken  at  Johnson  Space 
Center,  Kennedy  Space  Center,  and  on  the  recov- 
ery ships.  After  development  the  plates  are  anal- 
yzed on  a stereoplotter,  which  derives  the 
three-dimensional  coordinates  of  thousands  of 
points  on  the  body  surface,  punching  them  on  IBM 
cards  for  subsequent  computer  analysis.  The  com- 
puter program  derives  area,  shape,  and  perimeter 
of  between  80  to  100  sections  of  different  parts  of 
the  body,  and  volume  of  any  segment  of  the  body, 
and  of  the  body  as  a whole. 

Results  and  Discussion 

Figure  22-2  compares  measurements  of  leg  cir- 
cumference derived  from  stereometric  analysis 
with  tape  measure  circumferences  obtained  on  the 
same  day  (ch.  21) . The  pattern  seen  in  figure  22-2 
is  typical  of  all  the  comparisons  which  have  been 
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Figure  22-1. — Layout  of  slereophotogrammelry  apparatus. 


made  between  the  two  methods,  the  leg  circum- 
ference measured  by  stereometric  techniques  ex- 
ceeding that  by  the  tape  measure  by  10  to  20 
millimeters.  There  are  two  probable  causes  for 
this  difference.  Firstly,  the  stereoscopic  photo- 
graphs are  made  with  the  subject  standing,  where- 
as the  tape  measurements  are  made  with  the 
subject  supine;  the  leg  volume  standing  would 


Stereophotos 


Figure  22—2. — Comparison  between  tape  measure  and 
stereometric  circumference  measurements,  Commander, 
Skylab  4,  10  days  preflight. 


exceed  that  supine  by  the  volume  of  blood  and 
interstitial  fluid  brought  into  the  leg  under  the 
influence  of  gravity.  Secondly,  stereometric  analy- 
sis, being  a noncontact  method,  does  not  involve 
the  compression  of  tissues,  however  small,  which 
results  from  the  use  of  a tape  measure.  The  10  to 
20  millimeter  discrepancy  between  the  methods 
represents  a difference  in  limb  volume  of  250  to 
500  milliliters,  which  is  entirely  reasonable  for 
the  increased  volume  of  blood  and  tissue  fluid  in 
the  leg  after  transferring  from  the  supine  to  the 
standing  position.  These  differences  would  in  no 
way  invalidate  comparisons  made  at  different 
times  on  a single  subject  using  the  same  technique. 

Figure  22-3  is  a comparison  between  the  mean 


Figure  22-3. — Comparison  between  mean  preflight  and 
first  posiflight  body  weight  and  volume. 
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preflight  weight  and  volume  of  the  nine  Skylab 
astronauts  and  the  first  postflight  determination. 
Density  for  all  measurements  is  within  the  range 
0.98  to  1.04.  This  is  less  than  the  normal  range 
of  density  (1.02  to  1.10)  derived  from  hydrostatic 
weighing  or  gas  displacement  (ref.  2),  because 
the  volume  figure  includes,  as  well  as  the  residual 
lung  volume,  the  volume  of  air  enmeshed  in  the 
hair,  and  the  volume  of  those  areas  which  cannot 
be  visualized  by  the  cameras — the  axillae  and 
perineum.  These  additional  volumes  should  be 
reasonably  reproducible  from  one  measurement 
to  another  on  the  same  subject,  except  for  the  hair 
volume,  which  is  probably  the  largest  single  source 
of  error.  The  Commander  and  Pilot  of  the  final 
(Skylab  4)  crew  grew  beards  during  the  course 
of  the  flight,  which  again  will  have  added  slightly 
to  their  measured  body  volumes.  It  is  unrealistic 
to  calculate  the  density  of  the  tissue  lost  during 
the  course  of  the  flight,  as  small  errors  in  the 
volume  determination  would  lead  to  impossible 
values  for  tissue  density.  Two  of  the  crewmen — 
the  Commander  and  Pilot  on  Skylab  4 — showed 
little  or  no  weight  change,  although  a redistribu- 
tion of  body  volume  did  occur.  Generally  speaking, 
the  changes  in  weight  and  total  body  volume  were 
of  similar  magnitude,  and  the  apparent  changes 
in  density  are  probably  not  significant. 

Table  22-1  gives  differences  between  the  mean 
preflight  and  first  postflight  measurements  of 
regional  and  total  body  volume,  and  body  weight. 
It  is  difficult  to  reproduce  the  '‘cutoff'  plane  be- 


tween the  arms  and  the  trunk,  so  that  the  arm 
volumes  are  subjected  to  considerable  random 
variation,  as  is  evidenced  by  the  high  standard 
deviation.  There  is  no  statistically  significant  dif- 
ference in  mean  arm  volume  between  preflight  and 
postflight  measurements.  The  mean  losses  of  vol- 
ume of  1.2  liters  in  the  head  and  trunk,  and  1.3 
liters  in  the  legs,  are  significantly  different  from 
zero  (P<0.005).  The  mean  preflight  volume  of 
the  head  and  trunk  is  45.8  liters,  and  that  of  the 
legs  18.9  liters,  so  that  the  postflight  change  in 
volume  is  proportionately  much  greater  in  the 
legs. 

The  head  and  trunk  segment  of  the  body  con- 
tains the  extensively  fatty  areas  of  the  buttocks 
and  abdomen.  It  is  probable  that  the  volume 
changes  seen  in  this  body  segment  are  due  more 
to  changes  in  fat  than  to  changes  in  muscle, 
whereas  the  legs  contain  much  more  muscle  than 
fat,  except  in  the  grossly  obese,  and  are  more  sen- 
sitive to  changes  in  muscle  bulk.  Both  regions  of 
the  body  would  be  affected  by  changes  in  body 
fluid. 

Figure  22-4  is  a typical  plot  of  the  cross  sec- 
tional area  of  the  body  measured  against  distance 
from  the  floor.  The  area  beneath  the  curve  repre- 
sents volume.  The  differences  between  preflight 
and  postflight  measurements  in  the  regions  of  the 
head,  shoulder,  and  arms  are  slight,  and  result 
from  differences  in  posture.  Marked  loss  of  vol- 
ume is  seen  in  the  abdomen,  buttocks,  and  calves, 
and  a less  striking  loss  in  the  thighs.  The  abdomi- 


Table  22-1. — Differences  Between  Mean  Preflight  and  First  Postflight 
Determinations  of  Regional  and  Total  Body  Volume,  and  Body  Weight 


Skylab 

mission 

Crewman 

Volume  (liters) 

Weight 

(kg) 

Arms 

Head  and  trunk 

Legs 

Total  body 

2 

Commander 

- 0.03 

- 0.63 

- 1.00 

- 1.66 

- 2.56 

4- 

o 

Scientist  Pilot 

- 0.54 

- 1.51 

- 1.80 

- 3.84 

- 3.81 

Pilot 

- 0.86 

- 1.71 

- 2.25 

- 4.81 

- 5.17 

3 

Commander 

- 0.10 

- 2.13 

- 0.81 

- 3.03 

- 4.50 

(R  + 1) 

Scientist  Pilot 

+ 0.20 

- 1.58 

- 0.94 

- 2.32 

- 3.66 

Pilot 

- 0.59 

- 1.82 

- 1.42 

- 3.83 

- 3.93 

4 

Commander 

+ 0.22 

+ 1.50 

- 0.84 

+ 0.87 

- 0.18 

(R  + 0) 

Scientist  Pilot 

- 0.33 

- 2.52 

- 1.50 

- 4.36 

- 2.49 

Pilot 

+ 0.36 

- 0.33 

- 1.03 

- 1.00 

- 0.94 

Mean 

- 0.19 

- 1.19 

- 1.29 

- 2.66 

- 3.03 

SD 

0.42 

1.22 

0.49 

1.83 

1.64 
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nal  area  shows  a flattening  of  the  abdomen,  and 
the  gluteal  region  a reduction  in  volume  of  the 
buttocks,  both  probably  resulting  predominantly 
from  loss  of  fat.  Loss  of  volume  from  the  buttocks 
was  not  observed  in  the  Commander  and  Pilot  on 
Skylab  4,  who  lost  very  little  weight  in  the  course 
of  the  flight;  all  crewmen  lost  volume  from  the  ab- 
domen, although  the  loss  from  this  area  was  much 
greater  in  those  who  showed  significant  weight 
loss.  The  striking  reduction  in  leg  volume  immedi- 
ately postflight  was  investigated  in  more  detail  on 
the  final  (Skylab  4)  mission,  in  an  attempt  to  elu- 
cidate how  much  of  it  resulted  from  partial  muscle 
atrophy,  due  to  relative  disuse  of  the  legs  in  the 
weightless  environment,  and  how  much  repre- 
sented a purely  temporary  dehydration.  The  abso- 
lute loss  of  volume  from  the  thigh  and  calf  was  of 
similar  magnitude,  although  the  much  smaller 
dimensions  of  the  calf  resulted  in  a much  greater 
proportional  loss  and  a greater  change  in  cross 
sectional  area,  as  illustrated  in  figure  22-5. 

Table  22-11  gives  the  differences  between  the 
volume  of  thigh  and  calf  postflight  in  the  Skylab 
4 crewmen  and  the  mean  preflight  value.  On  re- 
covery day  there  was  a deficit  in  the  lower  limbs  of 
nearly  1000  milliliters,  which  had  reduced  by  about 
a third  by  the  following  day,  and  had  diminished 
to  around  300  milliliters  3 days  later.  Both  calf 
and  thigh  volume  had  returned  to  preflight  values 
by  the  measurement  made  30  days  following  re- 
covery. It  is  clear  that  at  least  part  of  the  deficient 
volume  must  represent  missing  fluid,  which  is  re- 
placed within  a day  or  two  of  recovery,  but  there 
is  probably  also  a reduction  in  bulk  of  the  tissues 
of  the  leg.  If,  as  seems  probable,  this  loss  of  tissue 
represents  partial  atrophy  of  the  leg  muscles  due 


Figure  22—4. — Preflight  and  postflight  volume  distribution, 
Scientist  Pilot,  Skylab  3. 


to  relative  disuse  in  zero-gravity,  it  would  prob- 
ably be  restored  fairly  rapidly  on  return  to  Earth, 
so  that  the  300  milliliters  deficit  measured  on  day 
4 postflight  may  be  an  under  estimate  of  the  total 
leg  muscle  lost  during  the  flight. 

The  mean  loss  of  leg  volume  on  recovery  day 
was  1.68  liters  for  the  Skylab  2 crew,  and  1.12 
liters  for  the  Skylab  4 crew.  The  mean  loss  on  day 
1 postflight  was  1.06  liters  for  the  Skylab  3 crew, 
and  0.77  liters  for  the  Skylab  4 crew.  While  it  is 

Preflight,  F— 5 


0.33  m above  floor  0.73  m above  floor 

Figure  22—5. — Comparison  between  preflighl  and  post- 
flight  cross  sections  of  right  calf  and  thigh,  Pilot,  Sky- 
lab 3. 


Table  22-IL — Differences  hetiveen  Mean  Prefiight 
and  First  Three  Postflight  Determinations  of 
Lower  Limb  Volumes  (Skylab  U) 


Thigh  (both  legs) 

(liters) 

Crewman 

Post  flight  day 

R + 0 

R 1 

R •¥ 

Commander 

- 0.37 

- 0.35 

- 0.14 

Scientist  Pilot 

- 0.69 

- 0.40 

- 0.14 

Pilot 

- 0.34 

- 0.35 

- 0.09 

Mean 

- 0.47 

- 0.37 

- 0.12 

Calf  (both  legs)  (liters) 

Commander 

- 0.41 

- 0.12 

- 0.17 

Scientist  Pilot 

- 0.58 

- 0.47 

- 0.22 

Pilot 

- 0.46 

- 0.34 

- 0.13 

Mean 

- 0.48 

- 0.31 

- 0.17 
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not  possible  directly  to  compare  the  Skylab  2 and 
Skylab  3 crews,  there  does  appear  to  be  a de- 
crease in  the  loss  of  leg  volume  on  succeeding 
missions.  On  the  basis  of  these  measurements,  it 
seems  likely  that  in-flight  exercise,  which  was  in- 
creased on  successive  flights,  may  have  acted  in 
opposition  to  the  postflight  loss  of  leg  volume.  How 
much  of  this  opposition  is  mediated  by  the  pre- 
vention of  muscular  atrophy,  and  how  much  by  an 
effect  on  the  cardiovascular  system,  and  hence  on 
body  fluids,  it  is  not  possible  to  say. 

Conclusions 

Biostereometric  analysis  of  body  form  on  the 
nine  Skylab  astronauts,  preflight  and  postflight, 
reveals  a loss  of  volume  of  one  to  one  and  one-half 
liters  from  the  legs,  much  of  which  is  replaced 
during  the  first  4 days  postflight.  It  is  estimated 


that  about  one  third  of  this  loss  represents  partial 
atrophy  of  the  leg  muscles  due  to  relative  disuse 
in  zero-gravity,  the  remainder  being  due  to  a 
deficit  in  body  fluid.  Reduction  in  volume  of  the 
abdomen  has  been  noted  also,  and  this  probably 
represents  a small  loss  of  body  fluid,  combined 
with  a loss  of  body  fat  in  all  but  two  of  the  crew- 
men. Difficulties  in  distinguishing  between  the 
upper  arm  and  the  shoulder  region  have  prevented 
any  useful  conclusions  being  drawn  from  the 
measurement  of  arm-volume. 

In  contradistinction  to  any  other  form  of  an- 
thropometry, the  stereoscopic  photographs  of  the 
Skylab  astronauts  are  a permanent  detailed  rec- 
ord of  body  form,  which  may  be  reexamined  at 
some  future  date  to  answer  new  questions,  or  to 
take  advantage  of  the  increased  accuracy  result- 
ing from  advances  in  technique. 
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CHAPTER  23 

Biochemical  Responses  of  the  Skylab  Crewmen: 
an  Overview 

Carolyn  S.  Leach  “ and  Paul  C.  Rambaut  * 


The  ability  of  man  to  adapt  to  new  environ- 
ments has  intrigued  the  physiologist  for  many 
years.  Underlying  this  basic  adaptability,  modem 
investigators  have  discerned  the  action  of  complex 
homeostatic  control  mechanisms.  These  mechan- 
isms, both  neural  and  hormonal  manifest  them- 
selves by  a resistance  to  change  in  the  internal 
milieu  of  the  organism  (refs.  1,  2).  Provided  that 
the  imposed  stresses  are  not  overwhelming,  only 
slight  changes  in  this  internal  milieu  can  be  ex- 
pected. Space  flight  incorporates  unique  environ- 
mental factors  to  which  the  organism  has  not 
previously  been  subjected  in  the  course  of  its 
phylogenetic  development.  To  measure  the  ability 
of  the  crewmembers  to  adjust  to  this  environment, 
an  extensive  biochemical  investigation  was  con- 
ducted on  all  three  Skylab  missions. 

Methods 

Continuous  metabolic  monitoring  of  the  Skylab 
crewmen  began  at  least  21  days  prior  to  each 
flight  and  continued  throughout  each  flight  and 
for  at  least  17  days  after  return.  Urine  was  col- 
lected on  a void-by-void  basis  before  and  after 
flight  while  the  in-flight  collections  were  performed 
with  an  automatic  urine  collection  device.  An 
aliquot  of  each  day’s  in-flight  urine  was  frozen  in 
orbit,  stored,  and  retunied  to  our  laboratory  for 
analysis  postflight.  Table  23-1  shows  the  duration 
of  metabolic  monitoring  for  each  mission.  The 
nominal  preflight  control  period  of  21  days  was 
extended  on  Skylab  2 and  4 due  to  the  delays  in 
launch  dates.  The  nominal  postflight  period  of  18 

•NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


days  was  shortened  by  1 day  on  Skylab  2.  Follow- 
ing an  overnight  fast,  blood  samples  were  drawn 
at  approximately  7 a'.m.  c.s.t./d.s.t.  according  to 
the  schedule  shown  in  table  23-11.  Sodium  ethyl- 
enediaminetetriacetic  acid  (EDTA)  was  used  as 
an  anticoagulant.  The  more  routine  clinical  bio- 
chemical tests  were  those  generally  used  in  labora- 
tory medicine.  Radioassay,  fluorometric  and  gas 
chromatographic  techniques  were  used  for  most 
hormonal  analyses. 


Table  23-1. — Experiment  Schedule 


Skylab 

mission 

Duration  of  metabolic  monitoring  (day) 

Pre  flight 

In-flight 

Postflight 

2 

31 

28 

17 

3 

21 

59 

18 

4 

27 

84 

18 

Radionuclide  body  compartment  studies  were 
conducted  preflight  and  postflight.  These  included 
dilution  studies  of  total  body  water  (tritium), 
extracellular  fluid  (^® sulphate),  plasma  volume 
(125  i-protein)  and  exchangeable  potassium  K 
and  «K). 

The  data  have  been  summarized  for  presenta- 
tion. Statistical  analyses  included  the  covariant 
analysis  and  the  paired  t-Test.  The  24-hour  urine 
data  have  been  grouped  according  to  6-day  dietary 
cycles  in-flight  and  postflight.  The  mean  and 
standard  error  of  the  -entire  preflight  period  is 
given  each  time.  For  each  urine  figure,  (figs.  23-1 
23-2,  23-3,  23-4,  23-5,  23-6,  23-7,  and  23-8) 
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Table  23-11. — Skylah  Blood  Sampling  Schedule 


Skylab 

mission 

Sample  day 

Pre  flight 

In-flight 

Postfiight 

2 

31,  21,  14,  7,  1 

4,  6,  13,  27 

0,  1,  4,  13 

3 

21,  14,  7,  1 

3,  6,  14,  20,  30,  38,  48,  58 

0,  1,  3,  14 

4 

36,  21,  14,  1 

3,  5,  21,  38,  45,  59,  73,  82 

0,  1,  3,  14 

Skylab2  Skylab  3 Skylab4 


Commander 

• 

O 

0 

Scientist  Pilot 

■ 

□ 

0 

Pilot 

A 

A 

A 

80  r 
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In-flight  Postflight 

Day 

Figure  23-1. — Urine  volume  excretion. 


Skylab  2 Skylab  3 Skylab  4 


Commander  *00 

Scientist  Pilot  ■ □ □ 


Figure  23—2. — Urinary  antidiuretic  hormone  excretion. 


mean  percent  change  is  calculated  using  each 
crewmen’s  own  preflight  mean  as  the  point  of 
comparison. 

Table  23-III  lists  all  serum  and  plasma  analyses 
accomplished  on  the  Skylab  crewmen.  Analyses 
conducted  on  the  in-flight  samples  by  micronana- 
lytical  techniques  are  noted.  Table  23-IV  lists  the 
analyses  accomplished  on  the  24-hour  urine  sam- 
ples. 

Results 

A comparison  of  each  crewman’s  premission 
values  with  values  obtained  during  and  after  the 
flight  reveals  a variety  of  changes.  Tables  23-V, 
23-VI,  23-VII  and  23-VIII  show  the  results  of 


the  plasma  and  serum  biochemical  measurements. 
The  in-flight  and  postflight  values  are  compared 
with  the  mean  of  the  preflight  values.  Those  values 
statistically  different  from  each  crewman’s  own 
control  values  are  indicated  as  (P<0.05).  Eleva- 
tions in  calcium  and  phosphorus  were  present 
throughout  the  three  missions  and  remained 
higher  than  control  for  several  days  following 
flight.  Cortisol  and  Angiotensin  I were  generally 
elevated  though  not  always  significantly.  Potas- 
sium and  creatinine  tended  to  increase  in-flight 
and  remain  high  in  the  sample  obtained  immedi- 
ately after  recovery.  Plasma  aldosterone  levels 
varied  in-flight  but  were  significantly  increased 
postflight.  Other  parameters,  not  measured  in  the 
samples  obtained  in-flight,  were  found  to  be  in- 
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Skylab  2 Skylab  3 Skylab  4 


Commander 

• 

0 

0 

Scientist  Pilot 

■ 

□ 

□ 

Pilot 

▲ 

A 

A 

creased  postflight.  These  include  total  protein, 
carbon  dioxide,  thyroid  stimulating  hormone,  and 
thyroxine. 

Those  plasma  measurements  which  were  less 
than  preflight  control  in-flight  and  postflight  in- 
clude sodium,  chloride,  osmolality,  and  ACTH. 
Glucose,  insulin,  and  aldosterone  were  decreased 
in-flight  but  increased  postflight.  Other  measure- 
ments showing  decreases  postflight  which  were 
not  measured  in-flight  included  cholesterol,  uric 
acid,  magnesium,  lactic  dehydrogenase,  and  total 
bilirubin.  Blood  urea  nitrogen  and  albumin  were 
not  changed  at  recovery  but  were  decreased  the 
third  and  14th  day. 

Those  constituents  of  the  24-hour  urine  sample 
which  were  elevated  in-flight  and  postflight  are 
shown  in  table  23-IX.  All  of  the  electrolytes  were 
increased  in-flight  along  with  aldosterone,  cortisol, 
and  total  17-ketosteroids.  Postflight  increases  were 
seen  in  epinephrine,  norepinephrine,  aldosterone, 
and  cortisol.  The  data  also  show  trends  toward  in- 


Skylab  2 Skylab  3 Skylab  4 
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• 0 0 

Scientist  Pilot 
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flight  decreases  in  antidiuretic  hormone  (ADH), 
epinephrine,  norepinephrine,  and  uric  acid.  Post- 
flight significant  decreases  in  sodium,  potassium, 
chloride,  osmolality,  PO4,  magnesium,  uric  acid, 
ADH,  and  total  17  hydroxycorticosteroids  were 
observed. 

Discussion 

The  environment  of  space  flight  with  its  combi- 
nation of  stresses  offers  unique  challenge  to  bio- 
chemical control  mechanisms.  That  homeostasis 
has  been  maintained  despite  these  stresses  cannot 
be  taken  as  evidence  of  the  benign  nature  of  the 
space  environment.  Men  returning  from  previous 
space  flights  have  undergone  changes  of  sufficient 
magnitude  and  complexity  to  warrant  detailed 
study  of  most  endocrinologic  and  metabolic 
changes  during  and  after  flight.  In  view  of  these 
considerations,  this  experiment  was  designed  to 
investigate  particular  homeostatic  response  in  the 
areas  of  (1)  fluid  and  electrolyte  balance,  (2) 
regulation  of  calcium  metabolism,  (3)  adrenal 
function,  and  (4)  carbohydrate,  fat,  and  protein 
utilization. 


Percent  change  Percent  change 
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Figure  23-7. — Urinary  norepinephrine. 


Figure  23-8. — Urinary  cortisol. 
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Table  23-III. — Plasma  and  Serum  Biochemical 
Analyses 


Substance/ Property 

Quantitatively  determined 

Sodium  ^ 

Uric  acid 

Potassium ' 

Creatinine  ^ 

Calcium  ^ 

Total  Protein 

Ma^esium 

Alkaline  phosphatase  (ALK  Phos) 

Chloride  ^ 

Serum  glutamic  oxaloacetic 

Phosphorus  ^ 

transaminase  (aspartate 

Osmolality  ^ 

aminotransferase)  (SCOT) 

Carbon  dioxide 

Creatine  phosphokinase  (CPK) 

Cholesterol 

Lactic  dehydrogenase  (LDH) 

Triglycerides 

Glucose ' 

(TRIGLY 

Total  bilirubin  (BILI  T) 

Adrenocorticotrophic 

Human  growth  hormone  (HGH) 

hormone  (ACTH)  ^ 

Thyroxine 

Cortisol ' 

Thyroid  stimulating  hormone 

Angiotensin  I ' 

(TSH) 

Aldosterone  ^ 

Testosterone 

Insulin  ^ 

Parathormone  (PTH)  ^ 

Blood  urea  nitrogen 

Calcitonin 

(BUN) 

Vitamin  D 

^ Determined  on  blood  collected  in-flight. 

Table  23-IV.— 

-24--Hour  Urine  Biochemical 
Analyses 

Substance /Property 

Quantitatively  determined 

Volume 

Antidiuretic  hormone 

Sodium 

Aldosterone 

Potassium 

Cortisol 

Chloride 

Epinephrine 

Osmolality 

Norepinephrine 

Calcium 

Total  17-Hydroxycorticosteroids 

Phosphate- (PO4) 

Total  17-Ketosteroids 

Magnesium 

Creatinine 

Uric  Acid 

Fluid  and  Electrolyte  Balance. — It  has  been  con- 
sistently demonstrated  that  exposure  to  weight- 
lessness produces  changes  in  the  distribution  of 
total  blood  volume  (ref.  3).  It  is  thought  that  this 
redistribution  simulates  a relative  volume  expan- 
sion and  necessitates  compensatory  changes  in 
water  balance  with  a net  loss  of  water  and  electro- 
lytes. A negative  water  balance  is  evidenced  by 
nearly  universal  body  weight  loss  in  the  returning 
crews  and  a rapid  regain  of  body  weight  on  the 
first  postmission  day.  Some  of  the  weight  loss  is 


attributable  to  a loss  of  adipose  tissue  resulting 
from  insufficient  caloric  intake;  however,  pro- 
tein, mineral,  and  electrolyte  loss  are  believed  to 
occur  at  a proportionately  higher  rate  than  can 
be  accounted  for  on  the  basis  of  a hypocaloric 
regimen  (ref.  4) . 

Change  in  body  fluid  volume  is  a sensitive  index 
of  homeostatic  response.  During  the  first  6 days 
in-flight  all  nine  crewmen  excreted  less  urine 
(average  400  milliliters)  than  preflight  and  there 
was  an  accompanying  decrease  of  water  intake  of 
approximately  700  milliliters.  These  data  support 
a net  loss  of  water  during  this  period.  Sweat  and 
insensible  losses  are  not  included  but  would  be  ex- 
pected to  be  higher  at  the  environmental  pressures 
of  the  spacecraft  (ref.  5).  It  is  apparent,  how- 
ever, that  a water  diuresis  did  not  occur  since  the 
osmolality  of  the  urine  formed  was  higher  than 
that  of  plasma.  The  urine  osmolality  (for  the  first 
6-day  period  in-flight)  averaged  300  mOsmoles 
higher  than  an  equal  stable  preflight  period  in 
spite  of  decreased  electrolyte  intake  during  the 
first  period.  These  data  when  totally  considered 
suggest  that  an  increased  solute  excretion  did 
occur  during  the  initial  exposure  to  weightlessness. 

Twenty-four-hour  urine  volume  results  (fig. 
23-1)  indicate  that,  except  for  the  first  period 
in-flight,  the  crewmen  generally  excreted  volumes 
similar  to  the  preflight  control  values  for  each 
man. 

A similar  pattern  to  that  observed  for  urine 
volume  is  exhibited  by  urinary  antidiuretic  hor- 
mone (fig.  23-2).  Significant  increases  in  urinary 
antidiuretic  hormone  occurred  early  in-flight  in 
all  men.  Due  to  inability  to  refrigerate  the  urine 
sample  obtained  on  the  first  day  in-flight,  it  could 
not  be  analyzed  for  this  hormone.  Tables  23-X 
and  23-XI  show  decreases  of  about  1.7  percent  in 
total  body  water,  and  about  1.9  percent  in  extra- 
cellular fluid  volume  following  recovery ; however, 
when  the  weight  losses  are  taken  into  considera- 
tion, there  is  actually  a proportional  increase  in 
body  water  on  a volume  per  unit  weight  basis. 
These  data,  along  with  fluid  volumes  and  osmolal- 
ity results,  indicate  that,  except  for  two  of  the 
Skylab  2 crewmen,  urine  antidiuretic  hormone 
was  minimally  stimulated. 

Plasma  sodium  was  generally  decreased 
throughout  the  flight  and  potassium  demonstrated 
trends  toward  becoming  slightly  though  not  sig- 
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Table  23-V, — Skylab  Summary,  Plasma  Biochemical  Results  (9  Crewmen) 


(Mean  ± Standard  error) 

No, 

Sodium  ‘ 

Potassium 

Chloride 

Creatinine 

Glucose 

Osmolality 

Calcium 

Phosphate 

36 

Preflight 

meq/liter 
141  ± 0.7 

meq/liter 
4.12  ± 0.04 

meq/liter 
97.7  ± 0.5 

mg  pet, 
1.26  ± 0.03 

mg  pet. 
86.6  ± 0.03 

mOsmoles 
290  ± 0.8 

mg  pet. 
9.7  ± 0.05 

mg  pet. 
3.4  ± 0.1 

9 

Mission  day 
3,  4 

139 

2 

4.26  ± 0.08 

96.8  ± 0.7 

1.31  ± 0.03 

90.3  ± 2.4 

289  ± 1 

" 10.4  ± 0.1 

3.7  ± 0.3 

8 

5,  6 

n37 

± 

2 

4.30  ± 0.14 

96.9  ± 0.8 

1.27  ± 0.03 

86.7  ± 1.8 

" 287  ± 1 

" 10.2  ± 0.1 

" 3.6  ± 0.3 

6 

13,  14 

137 

± 

1 

4.41  ± 0.15 

"94.7  ± 1.1 

1.28  ± 0.03 

86.7  ± 1.8 

286  ± 2 

" 10.2  ± 0.1 

"3.9  ± 0.3 

6 

20,  21 

140 

1 

4.25  ± 0.11 

95.7  ± 0.8 

1.35  ± 0.03 

87.0  ± 1.8 

289  ± 2 

" 10.1  ± 0.2 

" 3.4  ± 0.1 

6 

27,  30 

M38 

0.8 

4.25  ± 0.10 

" 95.2  ± 0.8 

1.27  ± 0.03 

84.3  ± 2.3 

" 287  ± 2 

" 10.4  ± 0.1 

" 3.9  ± 0.3 

6 

38 

M36 

± 

2 

"4.05  ± 0.15 

93.5  ± 1.2 

1.31  ± 0.07 

*80.1  ± 2.5 

"280  ± 4 

10.1  ± 0.2 

"3.1  ± 0.5 

6 

45,  48 

*137 

± 

2 

4.30  ± 0.13 

94.5  ± 0.7 

1.34  ± 0.03 

" 84.4  ± 1.4 

287  ± 3 

"10.1  ± 0.1 

" 3.8  ± 0.1 

6 

58,  59 

"137 

± 

2 

4.19  ± 0.13 

94.0  ± 1.5 

1.38  ± 0.12 

"81.8  ± 2.2 

286  ± 4 

" 10.1  ± 0.2 

" 3.8  ± 0.2 

3 

73 

139 

2 

3.75  ± 0.20 

94.6  ± 1.2 

1.51  ± 0.05 

80.9  ± 2.2 

284  ± 2 

10.1  ± 0.3 

" 3.9  ± 0.2 

3 

82 

137 

± 

0.6 

4.19  ± 0.06 

95.8  ± 0.2 

1.54  ± 0.03 

"81.0  ± 1.2 

" 285  ± 2 

10.1  ± 0.1 

3.6  ± 0.1 

9 

Recovery  (R) 
R + 0 

139 

± 

1 

4.18  ± 0.05 

"96.2  ± 1.0 

1.28  ± 0.05 

® 100.5  ± 2.6 

289  ± 1 

" 10.0  ± 0.1 

"3.9  ± 0.2 

9 

R -f  1 

139 

1 

4.10  ± 0.08 

"96.4  ± 1.0 

1.31  ± 0.06 

92.3  ± 2.8 

289  ± 1 

" 10.1  ± 0.1 

" 3.6  ± 0.03 

9 

R + 3,4 

139 

1 

4.02  ± 0.13 

96.9  ± 1.0 

1.26  ± 0.06 

" 90.5  ± 1.4 

" 294  ± 2 

9.8  ± 0.1 

3.4  ± 0.2 

6 

R + 14 

141 

± 

0.8 

4.05  ± 0.05 

97.7  ± 1.6 

1.33  ± 0.09 

85.4  ± 0.7 

289  ± 2 

"9.4  ± 0.1 

2.8  ± 0.2 

1 Corrected  for  Na-EDTA. 

2 P<0.05. 

Table  23-VL- 

— Skylab  Summary,  Plasma  Biochemical  Results  (9  Crewmen) 

(Mean 

± Standard  error) 

No. 

Cortisol 

Angiotensin  I 

Aldosterone 

ACTH 

Insulin 

HGH 

PTH 

39 

Preflight 

pg/100  ml 
12.2  ± 0.7 

ng/ml  per  hour 
0.77  ± 0.14 

pg/100  ml 
180  ± 25 

pg/ml 
35.7  ± 3.3 

tiU/ml 
17  ± 0.6 

ng/ml 
1.3  ± 0.2 

ng/ml 
17  ± 1 

9 

Mission  Day 
3,  4 

12.7  ± 1.6 

1.09  ± 0.24 

176  ± 58 

" 15.2  ± 4.9 

15  ± 2 

"2.1  ± 0.5 

17  ± 2 

8 

5,  6 

" 14.8  ± 1.0 

1.75  ± 0.42 

163  ± 75 

26.5  ± 9.2 

18  ± 6 

1.2  ± 0.3 

16  ± 3 

6 

13,  14 

13.4  ± 1.7 

.91  ± 0.28 

252  ± 65 

33.0  ± 8 

18  ± 3 

1.5  ± 0.2 

14  ± 1 

6 

20,  21 

12.3  ± 1.5 

.52  ± 0.12 

163  ± 90 

"11.9±  4 

"8  ± 1 

1.2  ± 0.3 

20  ± 4 

6 

27,  30 

13.6  ± 2.1 

.45  ± 0.16 

204  ± 88 

32.0  ± 7 

20  ± 3 

3.2  ± 2.0 

14  ± 2 

6 

38 

13.7  ± 1.0 

.72  ± 0.36 

94  ± 17 

17.7  ± 11.6 

"10  ± 1 

1.1  ± 0.3 

15  ± 2 

6 

45,  48 

14.3  ± 1.3 

.37  ± 0.10 

118  ± 7 

" 12.1  ± 5.3 

"9  ± 2 

1.5  ± 0.5 

18  ± 4 

6 

58,  59 

^ 13.5  ± 0.7 

"1.11  ± 0.51 

148  ± 31 

32.3  ± 18.7 

"9  ± 2 

1.6  ± 0.4 

18  ± 3 

3 

73 

14.5  ± 3.4 

.27  ± 0.08 

117  ± 39 

9 ± 4 

0.6  ± 0.1 

24  ± 2 

3 

82 

" 16.1  ± 0.6 

.32  ± 0.04 

142  ± 17 

11  ± 4 

0.7  ± 0.1 

25  ± 2 

9 

Recovery  (R) 
R + 0 

13.2  ± 2.1 

.71  ± 0.23 

215  ± 74 

23.8  ± 6.3 

20  ± 3 

" 2.9  ± 0.6 

17  ± 2 

9 

R + 1 

10.8  ± 1.0 

" 2.15  ± 0.55 

" 478  ± 77 

"24.0±  7.5 

20  ± 2 

" 2.8  ± 0.8 

19  ± 3 

9 

R + 3,  4 

13.7  ± 3.0 

.86  ± 0.45 

" 357  ± 65 

" 23.3  ± 2.4 

18  ± 2 

" 2.6  ± 0.8 

19  ± 3 

9 

R + 13,  14 

10.6  ± 0.7 

M4  ± 0.05 

153  ± 35 

38.2  ± 13.9 

17  ± 3 

1.2  ± 0.2 

18  ± 4 

’ P<  0.06. 
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Table  23- VII. — Skylab  Summary,  Plasma  Biochemical  Results  (9  Crewmen) 


(Mean  ± Standard  error) 

ATo. 

Cholesterol 

SGOT 

BUN  Uric  acid  Aik  Phos  Magnesium 

Bili  T 

CPK 

36 

Preflight 

mg  pet 
206  ± 7 

mU/ml  mg  pet  mg  pet 

13  ± 0.5  19  ± 0.5  6.4  ± 0J2 

lU  mg  pet 

24  ± 1 2.1  ± 0.02 

mg  pet 
0.6  ± 0.02 

lU 

66  ± 7 

Recovery  (R) 

9 

R + 0 

" 192  ± 25 

12  ± 1 

19  ± 1 " 5.5  ± 0.3 

21  ± 1 " 2.0  ± 0.03 

0.5  ± 0.1 

68  ± 8 

9 

R + 1 

" 178  ± 23 

13  ± 0.3 

19  ± 1 " 6.0  ± 0.3 

21  ± 1 " 2.0  ± 0.03 

0.8  ± 0.2 

85  ± 11 

9 

R + 3,  4 

^ 188  ± 14 

13  ± 1 * 

17  ± 1 " 6.0  ± 0.3 

20  ± 1 2.0  ± 0.03 

0.5  ± 0.1 

86  ± 12 

9 

R + 14 

204  ± 14 

14  ± 0.7  ' 

17  ± 1 6.5  ± 0.3 

25  ± 2 2.1  ± 0.03 

0.4  ± 0.1 

47  ± 7 

1 

P<  0.05. 

Table  23-VIII.- 

—Skylab  Summary,  Plasma  Biochemical  Results  (9  Crewmen) 

(Mean  ± Standard  error) 

No. 

Carbon 

LDH  Trigly  dioxide 

A Ibumin  Protein 

Ta  Test  Thyroxine 

TSH 

Vitamin  D 

36 

Preflight 

mU/ml  mg  pet  meq/liter 
200  ± 6 86  ± 5 22  ± 0.7 

g pet  g pet 

4.4  ± 0.07  6.8  ± 0.05 

pet.  uptake  yg  pet 

32.9  ± 0.4  7.0  ± 0.3 

fiU/ml 
4.5  ± 0.6 

ng/ml 
43.3  ± 3.7 

Recovery  (R) 

9 

R + 0 

181  ± 10  97 

±15  ^ 24  ± 1 

4.5  ± 0.1  ‘ 7.2  ± 0.1 

33.1  ± 1.3  " 8.7  ± 0.5 

8.4  ± 2.3 

39.6  ± 10.9 

9 

R + 1 

167  ±7  111  ±23  "25  ±0.5 

4.3  ± 0.1  ' 7.0  ± 0.07 

29.4  ±3.3  "9.0  ±1.0 

7.5  ± 1.5 

43.9  ± 7.7 

9 

R + 3,  4 

" 231  ± 14  95 

±13  " 26  ± 1 

' 4.1  ± 0.2  6.6  ± 0.07 

34.2  ± 0.7  8.1  ± 0.8 

" 8.2  ± 1.3 

42.8  ± 6.6 

9 

R + 14 

" 194  ± 12  84 

± 6 26  ± 0.5 

‘ 4.1  ± 0.1  6.4  ± 0.07 

33.4  ± 0.5  6.3  ± 0.3 

" 8.1  ± 0.9 

44.6  ± 8.8 

> P<  0.05. 


Tg,  Triiodothyronine. 


nificantly  elevated.  In-flight,  the  quantity  of  uri- 
nary sodium  excreted  each  24  hours  was  elevated 
above  the  mean  of  the  24-hour  periods  preflight 
for  all  nine  crewmen  (fig.  23-3).  Urinary  potas- 
sium was  more  variable  but,  in  general,  was  also 
elevated  (fig.  23-4).  Postflight,  both  of  these  elec- 
trolytes were  significantly  decreased  in  all  of  the 
crewmen.  The  intakes  of  these  two  electrolytes 
were  comparable  during  the  three  phases  of  each 
flight.  The  loss  in  potassium  was  also  measured  by 
the  decrease  in  total  body  exchangeable  potassium 
shown  in  table  23-XII. 

A postflight  decrease  of  as  much  as  20  percent 
in  total  body  potassium  had  previously  been  shown 
by  measurement  of  the  total  body  potassium-40 
after  early  Apollo  flights.  Total  body  exchangeable 
potassium,  utilizing  potassium-42,  was  measured 
on  the  Apollo  15,  16,  and  17  crewmen.  It  was 


found  to  be  generally  decreased  postflight  even 
though  adequate  potassium  had  been  ingested 
throughout  these  missions  (ref.  6).  The  crewmen 
of  the  Gemini  7 mission  demonstrated  positive 
potassium  balance  before  and  after  the  flight  with 
a negative  balance  during  the  mission. 

The  Gemini  7 results  were  accompanied  by  in- 
creased urinary  aldosterone  excretion  (ref.  7). 
During  the  in-flight  phase  of  the  Skylab  missions, 
aldosterone  output  was  increased  in  all  nine  crew- 
men (fig.  23-5).  The  aldosterone  concentration 
reached  in  this  period  of  time  could  certainly 
account  for  the  urinary  losses  of  potassium.  How- 
ever, this  mechanism  is  not  consistent  with  the 
observation  that  a loss  of  sodium  also  occurred. 
Results  of  the  in-flight  metabolic  experiment  on 
the  13-day  Apollo  17  mission  suggested  similar 
responses  by  that  crew  (ref.  8).  These  changes 


Table  23-IX. — Skylab  Summary,  Urine  Biochemical  Results  (9  Crewmen) 


(Mean  ± Standard  error) 


Units 

Measured  substance 

Preflight 

day 

In-flight  day 

Postflight  day 

1-28 

29-59 

60-85 

1-6 

7-13 

U-18 

meq/TV 

Sodium 

160.0  ± 

3.0 

^ 174.0  ± 

3.0 

" 190.0  ± 

7.0 

" 199.0  ± 

6.0 

" 121.0  ± 

11.0 

" 170.0 

Hh 

6.0 

" 173.0  ± 

11.0 

meq/TV 

Potassium 

74.0  ± 

1.0 

" 82.0  ± 

2.0 

" 80.0  ± 

2.0 

"81.0  ± 

3.0 

" 65.0  ± 

4.0 

76.0 

4.0 

82.0  ± 

5.0 

meq/TV 

Chloride 

148.0  ± 

4.0 

" 162.0  ± 

5.0 

" 177.0  ± 

6.0 

" 180.0  ± 

5.0 

" 116.0  ± 

11.0 

" 160.0 

6.0 

164.0  ± 

11.0 

mg/TV 

Creatinine 

1955.0  ± 

20.0 

2079.0  ± 

40.0 

2104.0  ± 

55.0 

2081.0  ± 

31.0 

2005.0  ± 

95.0 

2037.0 

78.0 

1969.0  ± 

109.0 

mOsmoles 

Osmolality 

650.0  ± 

17.0 

^ 789.0  ± 

27.0 

^ 791.0  ± 

19.0 

" 717.0  ± 

24.0 

593.0  ± 

60.0 

" 549.0 

± 

49.0 

584.0  ± 

66.0 

meq/TV 

Calcium 

8.0  ± 

0.2 

^ 14.4  ± 

0.8 

" 14.5  ± 

0.8 

" 11.8  ± 

0.4 

" 11.2  ± 

1.6 

8.8 

Hh 

1.0 

8.3  ± 

1.0 

mg/TV 

Phosphates 

1045.0  ± 

15.0 

" 1270.0  ± 

27.0 

^ 1196.0  ± 

35.0 

" 1181.0  ± 

30.0 

" 934.0  ± 

65.0 

1029.0 

55.0 

1031.0  ± 

50.0 

mg/TV 

Uric  Acid 

969.0  ± 

15.0 

^ 899.0  ± 

22.0 

" 934.0  ± 

38.0 

" 884.0  ± 

33.0 

" 884.0  ± 

41.0 

929.0 

50.0 

942.0  ± 

53.0 

meq/TV 

Magnesium 

8.9  ± 

0.1 

" 10.8  ± 

0.2 

^9.4  ± 

0.4 

8.7  ± 

0.5 

"7.7  ± 

0.6 

9.1 

0.4 

9.1  ± 

0.4 

/«g/TV 

Cortisol 

54.3  ± 

4.1 

^ 94.4  ± 

4.8 

" 83.6  ± 

4.0 

" 90.2  ± 

5.3 

" 69.5  ± 

5.8 

"63.3 

6.0 

" 76.6  ± 

8.0 

Mg/TV 

Aldosterone 

11.3  ± 

1.1 

" 32.8  ± 

2.2 

" 22.4  ± 

1.7 

" 30.0  ± 

3.1 

" 18.6  ± 

4.3 

11.8 

3.0 

11.4  ± 

3.3 

/ig/TV 

Epinephrine 

27.2  ± 

4.6 

24.3  ± 

1.4 

21.3  ± 

1.7 

38.1  ± 

3.3 

37.2  ± 

3.1 

33.7 

3.4 

37.5  ± 

7.2 

Mg/TV 

Norepinephrine 

69.4  ± 

6.0 

59.9  ± 

2.0 

66.7  ± 

4.0 

65.2  ± 

6.4 

" 99.4  ± 

6.2 

"88.8 

6.4 

" 89.6  ± 

6.6 

Antidiruretic  hormone 

50.3  ± 

10.0 

41.9  ± 

4.3 

" 24.1  ± 

2.4 

" 20.3  ± 

2.5 

46.5  ± 

10.0 

"25.6 

± 

8.0 

31.0  ± 

8.2 

mg/TV 

Total  17  Hydroxy- 

corticosteroids 

6.1  ± 

0.4 

6.2  ± 

0.4 

6.6  ± 

0.3 

6.2  ± 

1.0 

"5.2  ± 

0.5 

"5.1 

0.4 

"5.2  ± 

0.8 

mg/TV 

Total  17  Ketosteroids 

7.0  ± 

0.5 

^ 10.3  ± 

0.4 

" 10.8  ± 

0.5 

" 13.6  ± 

1.3 

7.0  ± 

0.7 

7.4 

± 

0.5 

7.6  ± 

0.6 

» P<  0.05. 

TV  Total  volume 
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may  be  explained  by  functional  alterations  in  the 
renal  tubule  proximal  to  the  site  of  aldosterone 
action  in  the  distal  tubule  involving  either  hu- 
moral or  physical  factors  (refs.  9, 10) . The  results 
of  plasma  aldosterone  measurements  on  all  three 
missions  are  shown  in  relation  to  preflight  base- 
line values  in  table  23-XIII.  These  data,  together 
with  changes  in  plasma  renin  activity  (table  23- 
XIV)  indicate  that  there  was  an  absolute  increase 
in  production  of  aldosterone.  This  was  probably 
triggered  by  increased  renin-angiotensin  secretion. 
This  elevation  could  be  produced  in  response  to  a 
decrease  in  effective  renal  blood  flow  or  in  pres- 
sure changes  in  carotid  arteries  or  right  heart 
(ref.  11).  Increased  aldosterone  secretion  is  the 
probable  cause  of  the  potassium  loss. 

The  decreased  blood  urea  nitrogen  values  gen- 


Table  23-X. — Skylab  Summary  Total  Body  Water 


Volume 

Change  (percent) 

Mission 

Commander 

Scientist  Pilot  Pilot 

Mean 

2 

- 2.4 

- 0.8  - 4.4 

- 2.6 

3 

- 1.4 

+ 1.3  - 3.2 

- 1.1 

4 

- 2.0 

- 1.1  - 1.2 

- 1.4 

Table 

23— XI. — Skylab  Summary  Extracellular 
Fluid 

Volume  Change  (percent) 

Mission 

Commander  Scientist  Pilot 

Pilot 

Mean 

2 

- 1.9  - 1.9 

■¥  1.3 

- 0.8 

3 

- 5.6  - 10.2 

- 0.5 

- 5.4 

4 

+ 7.2  - 4.6 

- 1.6 

+ 0.4 

Table 

23— XII. — Exchangeable  Potassium  ('>^  K) 

Percent  change  (meq) 

Skylab  2 

Skylab  3 

Skylab  4 

Commander  - 8.3  - 6.6  - 3.7 

Scientist  Pilot  - 6.1  - l.l  - gis 

Pilot  - 8.8  - 3!5  - 12!3 

Mission  mean  - 7.7  - 3.4  _ 3,2 


erally  found  postflight  are  thought  to  be  indicative 
of  hemodilution  and  rehydration.  The  resulting 
elevations  in  the  rate  of  urine  flow  produce  a pas- 
sive increase  in  urea  excretion.  The  first  days’  post- 
flight water  intake  exceeded  water  intake  during 
equal  periods  before  or  during  flight.  Similar 
results  have  been  reported  from  the  Soviet  space 
flight  of  18  to  24  days  during  which  actual  in- 
creases in  blood  urea  nitrogen  were  measured 
(ref.  12).  The  interpretation  of  these  findings 
agree  with  our  assumption  that  the  levels  of  urea 
nitrogen  in  blood  are  a reflection  of  hydration  and 
renal  handling  of  urea.  In  Skylab,  slight  increases 
were  observed  in  plasma  creatinine  which  are  pre- 
sumably indicative  of  slight  decreases  in  creati- 
nine clearance.  These  findings  support  minor  al- 
terations in  renal  function  in-flight,  a supposition 
also  advanced  by  Soviet  investigators  (ref.  12). 

The  excretion  of  uric  acid  was  decreased 
throughout  the  missions  in  most  of  the  crewmen. 
Postflight  there  were  significantly  decreased  levels 
of  plasma  uric  acid.  These  findings  confirm 
earlier  Apollo  results  (ref.  13)  and  are  distinctly 


Table  23— XIII. — Plasma  Aldosterone 


Days  when 
measurements 
were  made 

Mean  percent  change 

In-flight 

Postflight 

Skylab  2 

Skylab  S 

Skylab  U 

1-28 

+ 68 

+ 28 

-62 

29-66 

-11 

-44 

57-S2 

-2 

0-4 

+ 127 

+ 138 

+ 44 

14 

-67 

+ 53 

-32 

Table  23— XIV. — Angiotensin  I (Renin  Activity) 


Days  when 
measurements 
were  made 

Mean  percent  change 

In-flight 

Post  flight 

Skylab  2 

Skylab  S 

Skylab  U 

1-28 

+ 7 

+ 144 

+ 203 

29-56 

+ 103 

+ 30 

67-82 

+ 26 

0-4 

-18 

+ 203 

+ 56 

14 

-72 

-80 

-61 
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different  from  clinical  findings  where  low  serum 
uric  acid  levels  are  infrequently  observed.  In  al- 
most all  instances  such  findings  are  attributed  to 
a failure  in  the  renal  mechanism  responsible  for 
the  return  of  the  metabolite  to  the  systemic  cir- 
culation. 

Regulation  of  Calcium  Metabolism. — The  threat 
of  bone  mineral  losses  during  prolonged  weight- 
less exposure  has  been  a constant  concern  (ref. 
14).  A complete  metabolic  balance  was  conducted 
to  ascertain  the  extent  and  time  course  of  these 
losses.  To  extend  the  input/output  studies,  meas- 
urement of  plasma  levels  of  25-hydroxycholecal- 
ciferol  and  hormones  implicated  in  the  regulation 
of  calcium  were  conducted  together  with  plasma 
calcium  and  phosphorus.  Calcium  and  phosphorus 
levels  were  significantly  elevated  in  the  plasma 
as  in  the  urine  throughout  the  in-flight  and  early 
postflight  phases.  Parathormone  levels  were  more 
variable  in-flight  but  some  were  slightly  increased 
with  no  changes  postflight.  On  the  Skylab  4 crew- 
men, 25-hydroxycholecalciferol  was  slightly  de- 
creased postflight  and  unchanged  in  the  Skylab  2 
and  Skylab  3 crewmen.  Since  calcitonin  was  below 
the  level  of  detection  for  the  assay  used,  it  is 
apparent  that  no  clinically  significant  increases 
occurred.  In  addition  to  its  presence  in  food,  vita- 
min D was  supplied  in  supplemental  form  with  a 
resultant  net  intake  of  over  500  lU/day.  These 
results  support  the  observations  of  other  investi- 
gators that  the  rate  of  demineralization  was  slow 
and  is  probably  attributable  to  an  enhanced  re- 
sorption possibly  mediated  by  parathyroid  hor- 
mone. 

Adrenal  Regulation. — The  levels  of  adrenal 
medullary  and  adrenal  cortical  hormones  were 
of  particular  interest  because  of  changes  found 
in  the  urinary  specimens  from  the  Mercury, 
Gemini,  and  Apollo  flight  crews  (refs.  6,  15). 
Following  these  earlier  missions,  the  catechol- 
amines, epinephrine,  and  norepinephrine  have 
been  generally  increased  in  the  first  24  hours.  In 
addition  epinephrine  changed  to  a greater  ex- 
tent than  norepinephrine  following  the  entry  phase 
of  the  missions  (ref.  16). 

In  Skylab  urinary  epinephrine  (fig.  23-6)  was 
generally  normal  to  decreased  in-flight  and  ele- 
vated postflight.  Norepinephrine  (fig.  23-7)  was 
more  variable  but  did  show  periods  of  increase 
during  the  flight  and  significant  increases  post- 


flight. Adrenal  medullary  activity  is  increased  by 
a variety  of  physical  and  psychological  stimuli. 
It  is  well  established  that  epinephrine  is  most  often 
associated  with  anxiety  responses  whereas  norepi- 
nephrine is  more  closely  related  to  physical  stress 
(ref.  17).  Since  a primary  role  of  the  autonomic 
nervous  system  is  to  maintain  adequate  blood  pres- 
sure and  flow  under  conditions  of  altered  gravita- 
tional stresses,  modification  in  adrenal  medullary 
activity  might  be  anticipated.  The  in-flight  norepi- 
nephrine levels  are  probably  the  reflection  of  the 
high  levels  of  physical  exercise  undertaken  by  each 
crewman  during  the  flight.  Collaborative  data  from 
this  laboratory  suggests  that  exercise  in  bedrest  is 
effective  in  preventing  decreases  in  norepineph- 
rine excretion  observed  in  nonexercised  subjects 
(ref.  18). 

After  the  Apollo  flights,  the  plasma  cortisol 
values  were  below  preflight  values.  However, 
the  pooled  urine  sample  collected  during  the  first 
24  hours  after  recovery  did  show  the  anticipated 
increase  in  cortisol  excretion  (ref.  6).  The  cortisol 
levels  were  not  accompanied  by  significant  de- 
creases in  plasma  ACTH  although  there  was  a 
slight  trend  toward  such  a decrease.  It  is  recog- 
nized that  the  extremely  short  plasma  half-life 
of  adrenocorticotrophic  hormone  may  have  oblit- 
erated momentary  increases  during  the  recovery 
operations.  In  Gemini  7 there  were  decreases  in 
total  17-hydroxycorticosteroids  in  the  in-flight 
urine  samples  (ref.  7).  Balakhovskiy  and  Nato- 
chin  also  reported  decreased  total  17-hydroxy- 
corticosteroids in  urine  collected  in  space  flight. 
These  authors  suggested  that  sample  deteriora- 
tion might  account  for  the  decreases  observed 
(ref.  12).  Our  tests,  in  preparation  for  the  Skylab 
flights,  indicated  that  the  freezing  of  urine  was 
sufficient  to  prevent  change  in  steroid  concentra- 
tions (ref.  19).  A decrease  in  17-hydroxycorticos- 
teroids was  also  seen  in  the  one  in-flight  sample 
obtained  in  Apollo  16.  In  these  samples  the  crew- 
men exhibited  either  “an  increase’’  or  “no 
change’’  in  free  cortisol  excretion.  Elevated  in- 
flight urine  cortisol  levels  and  depressed  plasma 
cortisol  recovery  levels  are  not  a manifestation  of 
alterations  in  circadian  rhythmicity  relative  to 
the  sampling  time  during  the  recovery  phase  (ref. 
20). 

In  Skylab,  plasma  adrenocorticotrophic  hor- 
mone values  were  decreased  during  the  flight  and 
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plasma  cortisols  wei-e  elevated.  Postflight  adreno- 
corticotrophic  hormone  remained  decreased  and 
cortisol,  although  more  variable,  was  generally 
increased.  Twenty-four-hour  urinary  cortisol  lev- 
els were  increased  significantly  through  the  mis- 
sions on  all  crewmen  (fig.  23-8).  This  was 
generally  accompanied  by  either  no  change  or 
slight  decreases  in  daily  total  17-hydroxycorti- 
costeroids,  even  though  the  summary  results 
indicate  no  real  difference  from  preflight  con- 
trol values.  Decreases  in  pregnanetriol  and 
tetrahydrocortisone  and  slight  increases  in  tetra- 
hydrocortisol  accounted  for  the  total  17-hydroxy- 
corticosteroid  values.  There  was  an  increase  in 
total  17-ketosteroids  particularly  demonstrated  by 
increases  in  androsterone  and  etiocholanolone. 

The  metabolism  or  excretion  or  both  of  these 
steroids  appears  to  have  been  altered.  Whether 
such  changes  occurred  within  the  adrenal,  at  the 
site  of  liver  conjugation  or  in  the  kidney  is  the 
subject  of  continuing  investigations. 

Carbohydrate,  Fat,  and  Protein  Utilization. — 
Data  from  the  Gemini  and  Apollo  programs  show 
significant  loss  of  lean  body  mass  during  the  mis- 
sions. This  loss  of  tissue  was  evidenced  by 
elevations  in  nitrogen  excretion  (refs.  7,  21). 
Whether  such  losses  are  due  to  weightlessness, 
the  hypobai’ic  atmosphere  or  are  merely  a result 
of  the  psychological  stress  of  the  mission  is  un- 
known although  results  of  the  Skylab  Medical 
Experiment  Altitude  Test  would  tend  to  rule  out 
factors  other  than  weightlessness  as  the  causes  of 
these  losses  (ref.  22). 

Similar  loss  of  nitrogen  had  been  observed 
throughout  the  Skylab  flights  and  has  been  accom- 
panied by  losses  in  potassium  and  water.  More- 
over, it  has  been  shown  that  diminution  in  volume 
and  strength  accompanied  loss  of  these  compo- 
nents of  lean  body  mass.  Urinary  amino  acids 
levels  were  elevated  in-flight  and  postflight.  Anal- 
ysis shows  an  increase  in  the  ratio-essential : non- 
essential  urinary  amino  acids  during  flight. 
Further  attempts  to  elucidate  primary  source  of 
protein  loss  shows  evidence  of  collagen  breakdown 
in-flight  as  reflected  mainly  by  the  increased  ex- 
ci'etion  of  total  hydroxylysine  (fig.  23-9). 

In  man  both  hypoglycemia  and  fasting  stimu- 
late growth  hormone  secretion,  the  former  quickly 
and  the  latter  more  slowly.  Growth  hormone,  an 
insulin  antagonist,  raises  blood  glucose  and 


plasma  free  fatty  acids  while  lowei'ing  plasma 
amino  acids.  Growth  hormone  measurements  were 
made  together  with  measurements  of  insulin  and 
glucose.  Plasma  growth  hormone  levels  were  quite 
variable,  however,  significant  elevation  occurred 
during  the  first  days  in-flight  and  the  first  days 
after  recovery.  Insulin  and  glucose  were  signifi- 
cantly decreased  during  the  flight  and  increased 
after  recovery.  There  was  an  increase  in  plasma 
cholesterol  on  recovery  day.  The  constancy  of  the 
diets  preflight,  in-flight,  and  postflight  would  tend 
to  preclude  diet  as  a significant  factor  in  these 
changes  immediately  after  flight.  Losses  in  body 
fat  stores  throughout  the  long  missions  may  ac- 
count for  the  mobilization  of  triglycerides  after 
recovery. 

The  significant  inci'ease  in  thyroxine  and  the 
trend  toward  higher  thyroid  stimulating  hormone 
levels  correlate  well  with  the  decreases  in  choles- 
terol for  2 weeks  following  recovery.  These  data 
confirm  earlier  Apollo  findings  that  there  is  in- 
creased circulating  free  thyroxine  after  space 
flight  (ref.  23).  Similar  findings  were  reported  by 
the  Soviets.  They  were  able  to  correlate  weight 
loss  to  cholesterol  decreases  and  suggested  with- 
out supportive  data  that  the  thyroid  gland  might 
be  implicated  (ref.  23). 

It  appears  that  at  recovery  blood  glucose  is 
raised  by  the  action  of  catecholamines,  cortisol. 


— Total  hydroxylysine 

Nonglycosylated  hydroxylysine 

-Glyosylated  hydroxylysine 

Figure  23-9. — Urinary  excretion  of  hydroxylysine  and  its 
glycosides  (Skylab  4). 
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and  growth  hormone  while  the  insulin  is  increased 
as  a response  to  the  elevated  blood  sugar.  The  in- 
flight decreases  observed  in  both  glucose  and  insu- 
lin have  also  been  observed  in  bedrest,  although 
it  did  not  become  significant  until  56  days  in  bed- 
rest (ref.  24),  while  the  decrease  became  signifi- 
cant at  38  days  in  space.  The  impaired  tolerance 
to  a glucose  load  which  has  been  reported  follow- 
ing exposure  to  bedrest  was  not  measured  in  this 
study  (ref.  25). 

Total  plasma  protein  increased  on  recovery  day 
as  did  albumin.  Albumin  decreased  on  the  third 
day  and  14th  day  after  recovery,  but  not  as  much 
as  total  protein.  The  cholesterol  increase  seen  at  re- 
covery may  indicate  an  elevation  in  lipoproteins, 
particularly  in  high  density  lipoproteins.  Plasma 
volume  increases  were  recorded  during  this  period 
due  to  water  and  electrolyte  retention  as  the 
vascular  system  responded  to  the  effects  of  grav- 
ity. Thus,  the  decrease  in  albumin  may  have  been 
dilutional  rather  than  absolute.  Unlike  the  Apollo 
results,  triglycerides  were  elevated  after  flight 
until  the  14th  postflight  day. 

Summary 

This  experiment,  concerned  with  the  biochemi- 
cal reactions  of  the  body  to  the  stress  of  space 
flight,  includes  both  endocrine  and  metabolic 
measurements.  It  is  the  first  comprehensive  and  in- 
tegrated study  of  endocrinology  and  metabolism 


during  prolonged  space  flight.  Significant  bio- 
chemical changes  were  observed.  They  varied  in 
magnitude  and  direction  but  all  disappeared 
shortly  after  return  to  Earth. 

These  changes  are  for  the  most  part  indicative 
of  a successful  adaptation  by  the  body  to  the 
combined  stresses  of  weightlessness.  The  tran- 
sient nature  of  some  of  these  changes,  particularly 
in  fluid  and  electrolyte  metabolism,  tend  to  sup- 
port the  conclusion  that  a new  and  stable  condi- 
tion of  homeostasis  condition  has  been  achieved. 
In  other  areas,  particularly  in  those  concerned 
with  the  metabolism  of  bone  mineral,  protein,  and 
carbohydrates,  unstable  states  appear  to  persist 
and  it  is  unclear  at  this  time  in  which  form  the 
ultimate  sequelae  of  these  changes  will  manifest 
themselves  when  flight  has  continued  for  much 
longer  periods  of  time. 
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CHAPTER  24 

Cytogenetic  Studies  of  Blood  (Experiment  Mill) 

Lillian  H.  Lockhart  ^ 


The  skylab  miii  experiment  involves  analy- 
sis of  the  chromosome  patterns  of  astronauts 
preflight  and  postflight  with  special  attention  to 
findings  suggestive  of  exposure  to  ionizing  irra- 
diation. 

On  each  of  the  Skylab  flights,  blood  lympho- 
cytes for  analysis  of  chromosomes  for  structural 
defects  were  obtained  from  each  of  the  prime 
crewmembers  and  from  a ground-based  control 
group  before  and  after  flight.  Two  types  of  chro- 
mosomal defects  were  recorded.  Defects  described 
as  minor  included  the  following  aberrations: 
chromatid  fragments,  chromosome  fragments,  and 
deletions.  Structural  rearrangements  such  as  di- 
centrics, exchange  figures,  ring  chromosomes, 
translocations,  and  inversions  were  photographed, 
and  the  cells  karyotyped  to  delineate  the  chromo- 
somes involved  in  the  rearrangements. 

In  Skylab  2 (ref.  1),  only  one  individual  study 
demonstrated  greater  than  8 percent  minor 
chromosome  structural  defects,  and  this  was  in  a 
control  subject.  In  considering  the  more  involved 
structural  rearrangements,  it  was  apparent  that 
both  the  flight  crew  and  the  controls  had  one  or 
more  such  defects  on  several  occasions.  These 
were  found  both  before  and  after  flight,  but  they 
were  found  more  consistently  in  both  groups  after 
flight.  This  result  seemed  to  indicate  that  the 
flight  itself  was  not  a major  contributing  factor. 
The  influence  of  repeated  isotope  injections  given 
to  astronauts  and  to  controls  was  thought  to  be 
a likely  etiological  factor. 

Materials  and  Methods 

Study  of  the  chromosome  patterns  of  Skylab  3 
followed  a pattern  similar  to  that  of  Skylab  2. 

‘The  University  of  Texas  Medical  Branch,  Galveston, 
Texas. 


Blood  lymphocyte  studies  were  obtained  on  five 
occasions  preflight  and  six  instances  postflight 
from  the  three  crewmembers,  preflight  from  the 
back-up  crew  until  it  was  apparent  that  they 
would  not  replace  the  crew,  and  from  the  control 
group  consisting  of  three  persons  in  the  NASA 
program  who  would  generally  travel  with  the 
astronauts.  A total  of  77  specimens  were  cultured 
and  processed.  Seventy-six  were  analyzed  with 
identity  of  the  specimens  unknown  to  the  ex- 
aminer. The  cultures  were  incubated  for  a period 
of  60  to  70  hours  and  processed  by  treatment  with 
Colcemid  (0.1  jug/ml)  for  2 hours.  The  cell  sus- 
pension was  then  treated  with  a hypotonic  solu- 
tion, fixed  with  methanol:  acetic  acid  and  slides 
were  prepared  by  flame  drying.  After  WrighUs 
staining,  approximately  125  cells  were  examined 
from  each  culture.  They  were  analyzed  for  minor 
structural  defects,  and  for  structural  rearrange- 
ments. Each  cell  \Yith  numerical  or  structural 
defects  was  photographed  and  karyotyped  to  de- 
termine the  chromosome  and/or  chromosomes  in- 
volved in  the  aberrations. 

Results  and  Discussion 

The  results  of  the  cytogenetic  analysis  of  lym- 
phocytes of  the  Skylab  3 astronauts  and  controls 
are  shown  in  the  table  24-1.  All  but  one  specimen 
was  successfully  cultured  and  harvested  as  op- 
posed to  Skylab  2 where  four  of  the  recovery 
studies  showed  inadequate  mitosis  for  analysis. 
It  appears  from  review  of  the  70  specimens  of 
the  completed  analysis  for  Skylab  3 that  one  indi- 
vidual study  only  had  greater  than  9 percent 
minor  structural  defects.  This  sample  was  that 
of  a control  (ECB)  on  July  19,  1973,  10  days  pre- 
flight. By  July  27,  1973,  2 days  preflight,  the 
percentage  had  decreased  to  2.24  percent.  In  six 
other  instances  throughout  the  study  period,  these 
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Table  24-1. — Sky  lab  3 


Number  Percentage 

Subject  of  cells  of  minor  Structural 

Date  Subject  ^ number  examined  defects  rearrangements 


7-8-73  (F-21)  B 

G 
L 

ECB 

MWW 

PB 

7-9-73  (F-20)  B 

G 
L 
Li 
Le 
Br 
ECB 
MWW 
PB 

7-10-73  (F-19)  Li 

Le 
Br 

7-12-73  (F-17)  B 

G 
L 

ECB 

MWW 

PB 

7-13-73  (F-16)  Li 

Le 
Br 

7-19-73  (F- 10)  ECB 

MWW 
PB 

7-20-73  (F-9)  B 


G 

L 

Li 

Le 

Br 

7-27-73  (F~2)  B 

G 
L 

ECB 

MWW 

PB 

9-25-73  (R  + 0)  B 

G 
L 

ECB 

MWW 

PB 


(192) 

131 

(166) 

133 

(134) 

121 

(108) 

120 

(121) 

108 

(150) 

124 

(114) 

120 

(103) 

123 

(162) 

146 

(171) 

134 

(149) 

140 

(125) 

119 

(143) 

135 

(186) 

142 

(198) 

145 

(127) 

133 

(173) 

103 

(118) 

106 

(102) 

119 

(111) 

111 

(128) 

133 

(131) 

114 

(146) 

120 

(160) 

128 

(137) 

126 

(182) 

121 

(161) 

116 

(112) 

122 

(148) 

124 

(132) 

117 

(156) 

123 

(141) 

134 

(110) 

120 

(197) 

129 

(115) 

134 

(187) 

120 

(169) 

131 

(123) 

150 

(105) 

Unsuccessful 

(194) 

134 

(158) 

136 

(176) 

126 

(135) 

127 

(184) 

138 

(178) 

127 

(145) 

137 

(116) 

107 

(196) 

118 

1.53 

1 Dicentric 

2.26 

1 Exchange 

0.83 

0.00 

3.70 

1.61 

0.83 

0.81 

1.37 

2.96 

4.29 

2.52 

2.22 

2.11 

2.79 

2.26 

4.85 

1.89 

2.52 

3.60 

2.26 

2.63 

3.33 

1 Dicentric 

1.56 

3.97 

1 Dicentric 

0.83 

1 Exchange 

2.59 

1 Inversion 

13.11 

1 Dicentric 

4.03 

8.55 

8.13 

2 Transloca- 

tions, 1 dicen- 
tric 

2.24 

1.67 

1 Dicentric 

1.57 

4.48 

1 Translocation 

2 Dicentrics 

3.33 

4.58 

0.67 

2.24 

2.94 

6.43 

2.36 

2.90 

3.15 

4.38 

1 Exchange 

2.80 

3.39 

^ See  footnote  at  end  of  table. 
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Date 

Subject  ^ 

Subject 

number 

Number 
of  cells 
examined 

Percentage 
of  minor 
defects 

Structural 

rea/rrangeTnents 

9-26-73  (R+1) 

B 

(165) 

136 

3.68 

1 Dicentric 

G 

(138) 

164 

0.66 

L 

(175) 

167 

1.20 

ECB 

(189) 

161 

1.24 

1 Exchange 

MWW 

(156) 

137 

0.00 

PB 

(120) 

140 

2.86 

9-28-73  (R+3) 

B 

(140) 

126 

8.80 

1 Translocation 

G 

(130) 

173 

1.16 

1 Translocation 

L 

(109) 

106 

0.96 

ECB 

(200) 

134 

3.73 

MWW 

(181) 

126 

4.00 

PB 

(167) 

141 

0.71 

10-2-73  (R+7) 

B 

(170) 

134 

2.99 

G 

(163) 

139 

0.72 

L 

(154) 

133 

1.60 

1 Dicentric 

ECB 

(190) 

165 

1.29 

MWW 

(191) 

147 

1.36 

PB 

(179) 

136 

2.94 

10-9-73  (R+14) 

B 

(126) 

161 

2.48 

G 

(188) 

149 

6.71 

L 

(122) 

136 

3.70 

1 Exchange 

1 Dicentilc 

ECB 

(101) 

132 

3.79 

MWW 

(193) 

131 

3.06 

PB 

(151) 

116 

3.46 

10-16-73  (R  + 20) 

B 

(106) 

123 

6.69 

G 

(136) 

118 

6.93 

L 

(117) 

133 

1.60 

ECB 

(No  Specimen) 

MWW 

(153) 

118 

6.08 

1 Dicentric 

PB 

(142) 

136 

4.40 

1 Exchange 

'Flight  crewman;  Commander  (B),  Scientist  Pilot  (G),  Pilot  (L) ; Controls:  ECB,  MWW,  PB;  Backup 
crew:  Li,  Le,  Br. 


aberrations  were  found  in  from  5 to  9 percent  of 
the  cells  studied.  Structural  rearrangements  were 
noted  sporadically  throughout  the  study  on  from 
one  to  three  occasions  in  each  of  the  subjects 
analyzed.  Two  crewmembers,  in  fact,  exhibited 
one  such  abnormality  in  the  first  specimen  ob- 
tained. One  conti-ol  subject  (PB)  failed  to  show 
such  an  aberration  until  the  last  study. 

Table  24-11  lists  the  radioisotopes  adminis- 
tered to  the  crew  and  controls  during  the  Skylab 
3 study.  These  were  injected  on  the  days  speci- 
fied but  only  after  blood  was  obtained  for  chromo- 
somal study.  Structural  rearrangements  appear 
to  occur  randomly  through  Skylab  3 while  in  Sky- 
lab 2,  it  appeared  that  these  aberrations  occurred 


more  consistently  postflight,  in  both  crewmembers 
and  controls,  than  in  the  preflight  period.  In 
neither  mission  does  the  flight  itself  seem  to  be 
a significant  contributing  factor  since  one  cannot 
distinguish  controls  from  crewmembers  by  the 
presence  of  structural  rearrangements.  From 
Skylab  2 data  it  was  speculated  that  repeated  iso- 
tope administration  may  have  been  associated 
with  the  more  consistent  appearance  of  structural 
rearrangements  following  the  flight.  Skylab  3, 
data  does  not  suggest  that  there  was  a more  con- 
sistent appearance  of  these  defects  after  repeated 
injections. 

Various  other  factors,  such  as  ingestion  of 
medication,  weightlessness,  atmospheric  condi- 
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Table  24-11. — Isotope  Injections 


Skylab  S—197S 

July  8 

September  25 

October  9 

126i 

125i 

125i 

61or 

51cr 

51or 

3&S 

35s 

35s 

3h 

3h 

3h 

43k 

43k 

43k 

14o 

14c 

14o 

59f« 

tions,  et  cetera,  must  be  considered  in  association 
with  these  findings.  After  review  of  the  medical 
logs  of  these  two  missions,  no  factor  or  factors 
accounting  for  the  discrepancy  in  the  findings  of 
the  two  missions  become  apparent.  When  consid- 
ering the  length  of  Skylab  2 (28  days)  with  that 
of  the  Skylab  3 (59  days),  one  might  assume 
that  a greater  exposure  to  numerous  variables 
including  ionizing  irradiation  over  the  longer 
period  of  time  would  result  in  an  increased  fre- 
quency of  significant  chromosomal  aberrations. 
Obviously  this  is  not  so.  The  longer  time  interval 
may  have,  in  fact,  allowed  for  disappearance  of 
abnormalities  from  the  lymphoc3rtes  induced  to 
mitose  by  phytohemagglutinin.  It  is  reported  by 
Bloom  and  Tjio  (ref.  2)  that  partial-body 
X-irradiation,  at  diagnostic-level  kilovoltage,  is 
capable  in  some  cases  of  producing  chromosome 


damage  in  vivo  in  man.  A majority  of  the  patients 
studied  were  normal  within  2 weeks.  Finally,  the 
variety  of  environmental  exposures  of  the  crew 
and  controls  of  Skylab  2 and  3 prior  to  these 
studies  are  unknown. 

Summary 

In  summary,  the  more  minor  structural  chromo- 
somal defects  including  chromatid  breaks,  chro- 
mosome breaks,  deletions,  and  fragments  are  not 
significantly  increased  in  the  crews  or  controls  of 
Skylab  2 or  3 over  that  of  the  general  population 
except  in  several  individual  studies.  Structural 
rearrangements  including  dicentrics,  exchange 
figures,  inversions,  and  translocations  do  occur 
more  frequently  in  both  groups  than  in  studies  of 
either  normal  subjects  or  those  studied  in  our 
laboratory  for  possible  clinical  chromosomal  ab- 
normalities. The  etiology  and  significance  of  these 
aberrations  is  not  apparent.  Both  crewmembers 
and  controls  in  these  studies  have  experiences  and 
exposures  unlike  the  general  population  even  prior 
to  becoming  a part  of  the  Skylab  program.  It  is 
impossible  to  speculate,  for  example,  as  to  the 
effects  of  high  altitude  flying  and  weightlessness 
on  the  chromosome  structure  of  man.  It  would 
appear,  however,  that  the  flight  itself  was  not  a 
significant  factor  in  either  of  the  Skylab  2 or  3 
missions  in  contributing  to  the  increase  in  minor 
chromosomal  aberrations  or  the  appearance  of 
chromosomal  rearrangements. 
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CHAPTER  25 

The  Response  of  Single  Human  Cells  to  Zero- 
Gravity 


P.  O’B.  Montgomery,  Jr.,«  J.  E.  Cook,“  R.  C.  Reynolds,"  J.  S.  Paul,®  L. 
Hayflick,'  D.  Stock, W.  W.  Shulz,“  S.  Kimzey,®  R.  G.  Thirolf,®  T. 
Rogers,®  D.  Campbell,"  and  J.  Murrell  " 


The  advent  of  satellites  has  awakened  and 
renewed  interest  in  the  effects  of  gravity  on 
living  material.  Prior  to  this  time  the  major  in- 
terest had  been  centered  on  the  effects  of  increased 
gravity  on  living  material  as  simulated  by  accel- 
eration in  various  types  of  centrifuges.  These 
studies  began  as  early  as  1806  when  Knight  used 
water  driven  centrifuges  to  demonstrate  that  it 
was  the  direction  of  the  gravitational  vector 
which  oriented  the  growth  of  plants  (ref.  1).  In 
1883,  E.  Pfluger  performed  the  classic  experiment 
of  maintaining  a developing  frog’s  egg  in  an  in- 
verted position  and  demonstrated  that  this  led  to 
abnormalities  of  development  (ref.  2).  In  1930, 
Harvey  and  Loomis  working  at  Princeton,  de- 
signed and  constructed  a centrifuge  microscope 
(ref.  3).  This  instrument  or  modifications  of  it 
has  been  used  to  study  the  effects  of  acceleration 
on  sea  urchin  eggs  and  amoebae  (refs.  4,  5,  6,  7). 
Because  of  the  buoyant  effect  of  the  media  in 
which  most  specimens  have  been  immersed  during 
the  period  of  acceleration,  other  investigators  such 
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^ Department  of  Pathology,  University  of  Texas,  South- 
western Medical  School,  Dallas,  Texas. 

' Department  of  Medical  Microbiology,  Stanford  Univer- 
sity, Palo  Alto,  California. 

® University  of  Texas,  Health  Science  Section  at  Houston, 
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as  Matthews  and  Wunder  have  used  a variety  of 
terrestrial  forms  of  life  in  their  studies  (refs.  8, 9) . 
In  general,  as  might  be  expected,  it  takes  much 
larger  increases  in  the  gravitational  field  to  pro- 
duce detectable  effects  in  bacteria  (ref.  10)  than  it 
does  to  produce  detectable  effects  in  amoebae  (ref. 
11),  and  in  the  case  of  the  more  complex  and 
heavier  organisms  from  the  size  of  rats  to  man, 
relatively  small  increments  of  gravity  may  produce 
measurable  and/or  lethal  effects. 

Objectives 

The  purpose  of  the  S015  experiment  was  to 
extend  our  observations  of  the  effects  of  zero- 
gravity  to  living  human  cells  during  and  subse- 
quent to  a 59-day  flight  on  Skylab  3.  A strain  of 
diploid  human  embryonic  lung  cells,  WI-38,  was 
chosen  for  this  purpose.^  The  studies  reported 
in  this  paper  were  concerned  with  observations 
designed  to  detect  the  effects  of  zero-gravity  on 
cell  growth  rates  and  on  cell  structure  as  observed 
by  light  microscopy,  transmission  and  scanning 
electron  microscopy  and  histochemistry.  Studies 
of  the  effects  of  zero-gravity  on  the  cell  function 
and  the  cell  cycle  were  performed  by  time  lapse 
motion  picture  photography  and  microspectropho- 
tometry. Subsequent  study  of  the  returned  living 
cells  included  karyotyping,  G-  and  C-banding,  and 

^ WI-38  cells  were  obtained  from  the  Laboratory  of  Dr. 
Leonard  Hayfiick,  Department  of  Medical  Microbiology, 
Stanford  University. 
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analyses  of  the  culture  media  used.  Some  of  the 
living  cells  returned  were  banked  by  deep  freeze 
techniques  for  possible  future  experiments. 

Flight  Hardware. — The  hardware,  Woodlawn 
Wanderer  9 (ref.  12),  used  to  carry  out  the  S015 
experiment,  was  fully  automated  and  designed  to 
achieve  four  major  objectives. 

To  maintain  living  cell  cultures  by  supplying 
them  with  proper  nutrients  and  a thermal 
environment  of  36°  C. 

To  produce  two  phase-contrast  time-lapse  mo- 
tion pictures  of  living  cells  for  28  days. 

To  fix  a group  of  the  cultures  at  predetermined 
intervals. 

To  return  intact  some  of  the  cultures  of  living 
cells  for  subsequent  subculture  and  preserva- 
tion. These  cultures  were  maintained  at  ap- 
proximately 22°  C after  the  first  12  days  of 
the  mission. 

As  with  most  equipment  developed  for  space 
flight,  the  hardware  design  was  restricted  by  limi- 
tations of  size,  weight,  and  power  while  high 
reliability  and  safety  standards  were  achieved. 
In  this  case,  biological  compatability  of  materials 
and  the  necessity  to  sterilize  some  of  the  com- 
ponents at  high  temperatures  were  major  con- 
straints not  usually  encountered  in  flight  hardware 
design. 

The  hardware  consisted  of  a single  self- 
contained  package  installed  in  the  spacecraft  Com- 
mand Module  which  supplied  the  power  required 
to  maintain  an  ambient  temperature  of  between 
10°  C and  35°  C.  The  unit  was  hermetically  sealed 
to  provide  an  internal  pressure  of  one  atmosphere. 
Figure  25-1  is  a photograph  of  the  exterior  of  the 
unit.  The  fully  loaded  package  weighed  10  kilo- 
grams and  measured  40X19X17  centimeters. 

Internally,  the  package  was  separated  into  a 
camera-microscope  section  and  a separately  sealed 
growth  curve  experiment  section.  Figure  25-2 
illustrates  the  interior  arrangement  with  the 
camera-microscope  section  on  top,  the  growth 
curve  experiment  section  below,  and  the  elec- 
tronic circuitry  required  to  fully  automate  the 
experiments  located  between  the  two. 

In  the  camera-microscope  section  there  were 
two  independent  camera-microscope  systems.  One 
system  photographed  living  cells  through  a 20 
power  phase-contrast  microscope,  the  other  photo- 


graphed living  cells  through  a 40-power  phase- 
contrast  microscope.  Each  microscope  and  lamp 
was  miniaturized  and  measured  7X4X2.5  centi- 
meters. The  phase-contrast  image  produced  by  the 
microscope  was  projected  through  an  optical  sys- 
tem onto  the  16-millimeter  film.  The  film  was  sup- 
plied by  a film  pack  which  contained  two  rolls  of 
16-millimeter  film,  each  100  meters  long.  The 
camera  which  recorded  through  the  40-power 
microscope  was  operated  for  a 40-minute  period 
once  every  12  hours  at  the  rate  of  five  frames  per 
minute.  The  20-power  microscope  camera  oper- 


Figure  25-1. — External  configuration  of  Woodlawn  Wan- 
derer 9. 


Mirror  and  film  gate 


Media  pumps 


Figure  25-2. — Camera-microscope  section  of  Woodlawn 
Wanderer  9. 


THE  RESPONSE  OF  SINGLE  HUMAN  CELLS  TO  ZERO-GRAVITY 


223 


ated  continuously  and  exposed  one  frame  every 
3.2  minutes. 

Each  camera-microscope  system  recorded  the 
images  of  living  WI-38  cells  grown  on  glass  in  a 
0.05  cubic  centimeter  chamber.  The  chamber  was 
formed  by  a gasket  sandwiched  between  two  glass 
discs.  Tubes  were  attached  to  the  gasket  for  the 
injection  of  fresh  nutrient  and  for  the  removal 
of  the  waste  medium.  The  entire  chamber  was 
held  in  a heated  block  thermostatically  controlled 
to  maintain  a temperature  of  36°  C. 

In  order  to  fill  the  chambers,  culture  medium 
containing  7000  cells/milliliter  was  injected  into 
the  chamber  through  a syringe.  After  a few  hours, 
the  cells  settled  and  became  attached  to  the  lower 
glass  disc.  The  chamber  was  then  installed  in  the 
microscope  stage  and  the  microscope  was  locked 
in  a focused  position. 

Fresh  medium  was  supplied  by  a cylindrical 
reservoir  containing  a piston  threaded  on  a screw 
extending  the  length  of  the  cylinder.  After  the 
screw  was  automatically  rotated  4.5  revolutions 
every  12  hours,  fresh  medium  was  forced  into 
the  specimen  chamber  and  waste  medium  was 
pulled  into  the  vacuum  created  on  the  back  side 
of  the  moving  piston. 

The  growth  curve  experiment  was  carried  out 
in  a module  that  was  easily  removed  from  the 
rest  of  the  package  for  biological  servicing.  The 
module  was  separated  into  two  identical  inde- 
pendent assemblies  to  provide  some  degree  of 
duplication  and  control  (fig.  25-3).  Each  assem- 
bly provided  nine  miniaturized  Rose-type  cell  cul- 
ture chambers  installed  in  a temperature- 
controlled  holder.  In  each  assembly  the  cells  were 
fed  automatically  by  a single  nutrient  medium 
pump-reservoir  similar  in  design  concept  to  those 
used  in  the  camera-microscope  systems.  In  this 
case,  however,  the  medium  passed  through  a 
reservoir  to  be  heated  before  it  was  injected  into 
the  culture  chambers  in  order  to  avoid  temper- 
ature shock  to  the  cells  in  the  growth  curve 
module.  The  culture  chambers  were  connected  by 
tubing  in  series  such  that  the  medium  of  the  first 
chamber  emptied  into  the  second  which  emptied 
into  the  third  and  so  on  down  the  line.  At  each 
feeding  enough  medium  was  supplied  to  provide 
the  last  chamber  in  the  series  with  fresh  medium. 

At  programed  intervals  during  the  experiment 
one  chamber  at  a time  was  removed  from  the 
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Figure  25-3. — Sealed  growth  curve  experiment  section  of 
Woodlawn  Wanderer  9. 

nutrient  supply  circuit  and  connected  to  a fixative 
supply  by  a device  called  the  fixing  valve.  The 
fixative  employed  was  5 percent  glutaraldehyde  in 
Earle’s  Balanced  Salt  Solution.  The  fixing  of  cells 
was  accomplished  by  a motor  which,  upon  signal 
command  by  a mechanism  using  a programed 
punched  tape,  rotated  the  fixing  valve  22.5  degrees 
and  then  advanced  the  fixative  pump  sufficiently 
to  fill  one  chamber  with  fixative.  Similar  com- 
mands signaled  by  the  program  tape  then  ef- 
fected fixation  of  the  other  chambers.  Each  time 
a culture  was  fixed  it  no  longer  required  feeding 
and,  accordingly,  the  tape-program  signaled  re- 
duction of  the  amount  of  nutrient  medium  pro- 
vided by  the  pump  to  the  remaining  culture 
chambers. 

The  program  tape  and  nutrient  supply  pump 
were  driven  by  the  same  motor.  The  tape  was 
programed  by  two  rows  of  punched  holes.  Micro- 
switch actuators  then  rode  on  the  tape  and 
dropped  into  the  holes  to  activate  the  motor.  One 
row  of  holes  controlled  the  release  of  the  correct 
amount  of  each  nutrient  feeding  while  the  other 
row  initiated  the  cycles  which  injected  the  fixa- 
tive solution  into  each  chamber. 

Four  of  the  nine  chambers  of  each  assembly 
were  not  fixed  in-flight  and  after  mission  day  12 
were  maintained  at  approximately  22°  C with 
reduced  feedings  throughout  the  rest  of  the  mis- 
sion. These  cells  were  returned  live  for  subsequent 
subculturing. 

Methods 

Subcultivation  and  Cell  Counting  Procedures. — 
Stock  cultures  of  mycoplasma  free  WI-38  cells. 
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passage  number  13,  were  trypsinized  with  0.125 
percent  trypsin  in  phosphate  buffered  saline  with 
0.02  percent  Versene®.  The  cells  were  thoroughly 
agitated  and  suspended  in  Earle’s  BME  ^ buffered 
with  28  millimolar  HEPES®  and  supplemented 
with  10  percent  fetal  calf  serum  and  100  units/ 
milliliter  each  of  penicillin  and  streptomycin.  The 
cells  in  this  suspension  were  counted  in  a hemo- 
cytometer  and  then  diluted  to  provide  a final  con- 
centration of  1000  cells  per  square  centimeter. 
This  concentration  of  cells  was  then  injected  into 
the  chambers  and  allowed  to  attach  to  the  glass 
coverslips.  After  attachment  of  the  cells,  the  cell 
population  of  each  chamber  was  determined  by 
counting  the  cells  with  the  aid  of  phase-contrast 
microscopy.  For  this  purpose  a 1-millimeter  grid 
reticle  was  placed  in  the  10  X eyepiece  of  the  mi- 
croscope and  only  those  cells  were  counted  which 
had  their  nucleus  inside  or  on  the  top  and  left  edge 
of  the  grid  square.  A total  of  16  such  areas  were 
counted  by  moving  the  chamber  in  a 4 by  4 pat- 
tern. After  counting  16  areas,  the  average  cell 
number  per  area  and  the  2<r  standard  error  were 
calculated.  Areas  outside  of  the  2<r  limits  were  re- 
jected and  a new  average  was  calculated.  This 
average  was  multiplied  by  a factor  of  210  to  give 
the  number  of  cells  per  square  centimeter  in  each 
chamber.  Since  no  chambers  were  fixed  on  day  1, 
the  average  cell  count  of  the  five  chambers  was 
used  as  the  point  on  the  growth  curve  for  day  1. 

When  the  hardware  was  returned  to  the  labora- 
tory after  the  flight,  the  cell  population  of  each 
fixed  chamber  was  again  determined  in  the  same 
manner  as  the  initial  cell  count  with  one  excep- 
tion. When  a population  of  10  000  cells  per  square 
centimeter  was  attained,  counting  was  performed 
at  a higher  magnification  by  using  the  same  grid 
reticle  in  a 15  X eyepiece  instead  of  the  10  X eye- 
piece. This  procedure  was  necessary  to  help  elimi- 
nate the  error  in  counting  cells  of  high  density 
population.  The  average  number  of  cells  per  area 
was  then  multiplied  by  a factor  of  400  to  give  the 
number  of  cells  per  square  centimeter. 

The  final  number  of  cells  per  square  centimeter 
for  each  chamber  was  then  plotted  on  3-cycle 
semi-logrithmic  paper  corresponding  to  the  day 

*BME,  Eagle’s  basal  medium  Earle’s. 

' HEPES,  N - 2 — hydroxyethylpiperazine  - N2  - ethane- 
sulfonic  acid. 


on  which  each  particular  chamber  was  fixed.  For 
example,  chamber  9-(GCM-l)  plotted  for  day 
3,  chamber  9-(GCM-2)  plotted  for  day  4,  cham- 
ber 8-(GCM-l)  plotted  for  day  5,  et  cetera. 

Film  Analysis  Procedures. — The  time  lapse 
films  were  analyzed  with  a projector  which  per- 
mitted projection  at  1-8, 16,  and  24  frames/second 
in  forward,  reverse,  and  still  positions,  and  was 
equipped  with  a frame  counter.  Since  the  intervals 
between  frames  were  known,  it  was  possible  to 
calculate  the  exact  time  of  exposure  of  each  frame. 

Cells  were  counted  on  the  projected  image  every 
3 hours  of  recorded  20  X film.  When  the  cells 
reached  confluency,  counting  became  difficult  be- 
cause cells  in  close  contact  were  not  clearly  distin- 
guishable from  each  other.  Consequently,  further 
cell  multiplication  was  determined  by  adding  up 
the  number  of  observed  mitoses.  For  this  purpose 
the  time  and  location  of  every  mitosis  in  the  field 
were  recorded. 

Mitotic  activity  was  calculated  from  the  aver- 
age cell  density  and  the  number  of  observed  mito- 
ses during  a given  time  interval. 

The  length  of  individual  cell  cycles  was  deter- 
mined by  projection  of  the  film  in  reverse.  Indi- 
vidual cells  undergoing  mitosis  were  followed 
to  their  previous  mitosis  or  until  they  migrated 
out  of  the  field  or  until  they  could  not  be  clearly 
distinguished  because  they  were  in  close  contact 
with  other  cells.  The  observation  in  reverse  was 
time-saving  since  only  one  cell  needed  to  be  fol- 
lowed instead  of  two  as  in  the  forward  mode. 
This  method  also  inherently  excluded  observation 
of  cells  which  migrated  out  of  the  field  in  forward 
mode.  The  length  of  a cycle  was  arbitrarily  chosen 
to  be  the  time  elapsed  between  the  last  frame  of 
metaphase  of  one  mitosis  and  the  last  frame  of 
metaphase  of  the  following  mitosis. 

The  rate  of  cell  migration  was  studied  by  cover- 
ing the  projection  screen  with  paper  and  tracing 
the  location  of  the  nucleus  of  individual  cells  every 
hour.  The  displacements  were  then  measured  and 
tabulated.  From  these  data  average  rates  of  mi- 
gration were  calculated  for  individual  cells  as 
well  as  for  a given  time  interval. 

Transmission  Electron  Microscopy. — The  whole 
coverslips  with  attached  cell  monolayers  in  4 per- 
cent glutaraldehyde  in  a cacodylate  buffer  ■*  were 
received  in  the  electron  microscopy  laboratory. 
The  coverslips  were  scored  with  a diamond  pencil 
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and  broken  into  4 quarters.  Three  of  the  quarters 
were  stored  in  4 percent  glutaraldehyde  and  used 
subsequently  for  scanning  electron  microscopy, 
phase  microscopy,  and  microspectrophotometry. 
The  remaining  quarter  was  prepared  for  trans- 
mission electron  microscopy. 

The  coverslips  portions  (quarters)  for  trans- 
mission electron  microscopy  were  arranged  in  a 
specially  designed  Teflon®  rack  and  placed  in  an 
accompanying  tank.  The  cells  were  rinsed  for  5 
minutes  in  distilled  water  and  then  postfixed  in 
Palade’s  osmium  tetroxide  fixative  (ref.  13)  for 
20  minutes.  After  a 5-minute  distilled  water  rinse 
they  were  stained  secondarily  with  2 percent  ura- 
nyl  acetate  in  70  percent  ethyl  alcohol  for  20 
minutes.  Following  staining  with  uranyl  acetate 
the  coverslips  were  dehydrated  in  graded  alcohol 
solutions  followed  by  two  propylene  oxide  baths 
for  5 minutes  each.  The  cells  were  then  placed 
in  a 1;1  mixture  of  propylene  oxide  and  Mara- 
glas  for  30  minutes  followed  by  straight  Maraglas 
solution  overnight,  and  then  stored  in  the  refrig- 
erator. The  following  day  the  cells  were  allowed  to 
come  to  room  temperature.  Beem  plastic  capsules 
were  filled  to  within  Vs  of  an  inch  of  the  top 
with  Maraglas  and  the  capsules  as  well  as  the 
coverslips  were  placed  in  a bell  jar  which  was 
evacuated  to  release  any  air  bubbles  which  might 
be  present  in  the  Maraglas.  After  the  vacuum 
treatment,  the  coverslips  were  drained  and  laid 
cell  side  up  on  a thin  piece  of  aluminum  foil.  The 
Beem  capsules  were  inverted  over  the  coverslips 
and  the  coverslips  were  then  placed  in  a 60°  C 
oven.  After  16  to  17  hours  and  partial  polymeri- 
zation, the  capsules  were  removed  one  at  a time 
from  the  oven  and,  using  a pair  of  tongs,  the 
lower  half  of  the  coverslips  was  immersed  in  an 
acetone  dry  ice  bath  at  —80°  C for  about  60 
seconds.  The  coverslip  was  immediately  popped 
off  using  the  thumb  on  part  of  the  overlapping 
coverslip  as  leverage.  This  procedure  was  success- 
ful only  if  the  capsules  were  taken  from  the  oven 
one  at  a time  since  any  cooling  of  the  capsule  re- 
sulted in  failure  of  the  coverslip  to  be  removed. 
When  the  coverslip  was  removed,  it  left  the  mono- 

‘ Cacodylate  buffer  is  made  as  follows:  8 percent  EM 
grade  glutaraldehyde,  100  cm®;  0.2  M sodium  cacodylate,  84 
milliliters;  and  10 X concentrated  Earless  Balanced  Salt 
Solution  without  sodium  bicarbonate,  16  milliliters;  to 
make  a total  volume  of  200  milliliters. 


layer  of  cells  embedded  in  the  Maraglas.  The  cap- 
sules were  returned  to  the  60°  C oven  for  48  hours 
to  complete  polymerization.  The  Beem  plastic 
capsule  was  cut  and  removed  from  the  plastic 
block.  The  surface  of  the  block  containing  the 
cell  monolayer  was  then  scored  with  a small  radial 
saw  producing  1 millimeter  squares.  The  scored 
cell  surface  was  examined  under  a dissecting 
microscope  and  an  area  selected  for  sectioning. 
The  remaining  squares  were  sawed  off  with  a 
jeweler’s  blade  and  stored  for  future  use.  Sections 
were  cut  with  a microtome  and  a diamond  knife. 
Silver  colored  sections  were  used.  Copper  grids 
of  300  mesh  with  and  without  Formvar®  films 
were  used  to  hold  the  sections.  Sections  were 
stained  with  uranyl  acetate  and  lead  citrate  (ref. 
14)  and  examined  with  a transmission  electron 
microscope. 

Scanning  Electron  Microscopy. — Selected  cov- 
erslip portions  (quarters)  with  attached  cell 
monolayers  were  prepared  for  scanning  elec- 
tron microscopy.  The  cells  were  fixed  in  glu- 
taraldehyde and  Palade’s  solution  identical  to  the 
procedures  outlined  for  transmission  electron 
microscopy.  They  were  dehydrated  in  graded  al- 
cohols and,  after  the  absolute  alcohol,  they  were 
transferred  to  a mixture  of  absolute  ethanol  and 
amyl  acetate.  This  was  followed  by  two  changes 
of  amyl  acetate  and  subsequent  critical-point 
drying,  utilizing  liquid  carbon  dioxide  and  a 
critical-point  drying  apparatus  (ref.  15).  After 
critical-point  drying,  the  coverslips  were  removed 
from  the  drying  chamber  and  coated  with  gold 
and  palladium  in  an  evaporator.  The  dried  and 
coated  specimens  were  examined  with  a scanning 
electron  microscope. 

Phase  Microscopy. — For  phase  microscopy  the 
cells  were  fixed  with  glutaraldehyde  and  osmic 
acid  as  for  electron  microscopy.  After  osmic  acid 
fixation  the  cells  were  rinsed  in  distilled  water 
and  mounted  in  a gelatin  phenol  mixture  (ref. 
16).  The  mixture  of  gelatin  and  phenol  has  a 
refractive  index  of  approximately  1.041  and  is  an 
ideal  embedding  medium  for  examination  of  fixed 
cells  with  phase  microscopy.  The  cells  were  ex- 
amined with  a regular  phase  and  anoptral  phase 
microscope  utilizing  a W-58  green  filter.  In  addi- 
tion, the  preparations  were  studied  with  an  inter- 
ference phase  microscope  utilizing  the  W-58 
green  Wratten  filter. 
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Chromosome  Analysis. — Chromosome  analyses 
were  performed  on  preflight  and  flight  backup 
control  cultures  and  on  subcultured  flight  cultures. 
The  cultures  were  incubated  overnight  with  fresh 
growth  medium,  then  harvested  by  standard  col- 
chimid  arrest  and  hypotonic  treatment  proce- 
dures. Air  dried  slides  were  made  for  banding 
analysis.  If  the  cultures  were  confluent  when  re- 
ceived they  were  lightly  subcultured  and  har- 
vested the  following  day.  Cultures  were  saved 
and  subsequently  frozen  for  storage  from  all  lots 
of  cells  received.  Air  dried  slides  obtained  from 
the  cultures  were  treated  with  either  urea  (ref. 
17)  or  trypsin  (ref.  18)  to  obtain  G-banding  pat- 
terns. C-band  patterns  were  obtained  by  the 
alkaline-SSC  denaturation-renaturation  procedure 
(ref.  19).  All  slides  were  coded  before  analysis 
and  banding  pattern  data  recorded  by  number  to 
reduce  bias.  At  least  50  cells  were  counted  from 
each  culture  lot  to  determine  the  2n  count.  Five 
cells  from  each  control  culture  were  analyzed  for 
G-band  pattern  and  10  cells  were  analyzed  for 
C-band  pattern.  At  least  10  cells  of  the  “flight” 
culture  were  analyzed  for  G-band  pattern  and  20 
cells  were  analyzed  for  C-band  pattern. 

Microspectrophotometry. — Scanning  micro- 

spectrophotometry was  used  to  compare  semi- 
quantitative  data  from  Feulgen-stained  nuclei  of 
human  tissue  culture  cells  grown  during  space 
flight  (Sky lab  3)  in  zero-gravity  with  matched 
ground  controls  (refs.  20,  21,  22,  23,  24).  In-flight 
and  control  specimens  obtained  on  mission  days 
3,  6,  7,  10,  and  11  were  used  for  this  study. 

Scanning  microspectrophotometry  was  per- 
formed on  selected  areas  of  the  nuclei  using  a 
scanning  microscope  photometer  having  a 1- 
micron  measuring  spot  at  1-micron  intervals  at 
540  nanometers.  For  each  nucleus  scanned,  three 
traverses  through  the  center,  or  near  the  center, 
were  made.  The  edited  data  provided  a raw  data 
matrix  of  5X3  (15  adjacent  optical  density  values 
one  micron  apart)  fi’om  within  the  nucleus.  The 
data  was  stored  on  LING  tape  using  a PDP-12 
computer.  Selected  area  scans  of  approximately 
50  nuclei  were  obtained  for  each  population  of 
cells.  Various  computer  pi’ograms  were  used  for 
additional  editing,  raw  data  print-out  matrices, 
and  statistical  analysis  of  the  data. 

Tissue  culture  cells  stained  with  Schiff ’s  reagent 
using  a modifled  Feulgen  procedure  were  used 


for  this  study.  To  identify  deoxyribonucleic  acid 
(DNA)  Schiff-positive  sites  in  glutaraldehyde- 
fixed  cells,  it  was  necessary  to  modify  the  standard 
Feulgen  reaction  by  addition  of  a prestaining  oxi- 
dation with  acidifled  hydrogen  peroxide  (H2O2), 
a modification  of  procedure  described  by  Pool 
(ref.  25). 

Materials.  Schiff’s  Reagent:  Dissolve  1 gram 
of  basic  fuschin  (Cert.  PF-3,  C.I.  H2500)  in  200 
milliliters  boiling  distilled  water.  After  cooling  to 
50°  C,  filter  and  add  20  milliliters  of  1 N hydro- 
chloric acid  (HCl)  to  the  filtrate.  Cool  this  solu- 
tion to  25°  C,  add  1 gram  of  sodium  metabisulfite 
and  place  the  solution  in  the  dark  for  24  hours. 
Decolorize  with  2 grams  of  activated  charcoal,  and 
filter. 

Oxidizing  solution  (HPSA) : Prepare  a 10  per- 
cent acidified  hydrogen  peroxide  solution  by  add- 
ing 45  milliliters  of  30  percent  H2O2  to  90  millili- 
ters of  distilled  water.  Adjust  the  pH  to  3.2  with 

0.1  N sulfuric  acid. 

Procedure  for  processing  tissue  culture  cells 
for  DNA  Schiff  positive  sites. 

1.  Oxidize  with  HPSA  for  20  minutes. 

2.  Rinse  briefly  in  distilled  water. 

3.  Place  in  1 N HCl  at  60°  C for  3 minutes. 

4.  Rinse  briefly  in  distilled  water. 

5.  Transfer  to  Schiff’s  reagent  for  30  minutes. 

6.  Rinse  in  distilled  water. 

7.  Dehydrate  in  alcohol. 

8.  Clear  in  xylene  and  mount  in  Permount. 

Media  Analysis. — ^When  the  flight  hardware 
and  the  backup  units  were  returned  to  the  lab- 
oratory, samples  of  the  used  media  were  analyzed 
in  the  SMA-12  autoanalyzer  at  the  clinical  labora- 
tories of  Parkland  Hospital  in  Dallas,  Texas  by 
Dr.  Robert  Putnam.  Amino  acid  analyses  were 
performed  by  Dr.  Kenneth  Wiggans,  biochemist 
at  the  University  of  Texas  Health  Science  Center 
in  Dallas.  These  results  were  compared  with  simi- 
lar analyses  of  freshly  prepared  media. 

Results 

Growth  Curve  Analysis. — Figure  25-4  deline- 
ates the  data  for  the  growth  curves  of  the  cells 
in  the  flight  unit  and  for  the  cells  in  the  second 
backup  unit.  Inspection  of  the  two  curves  show 
them  to  be  identical  S-shaped  growth  curves.  All 
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Figure  25—4. — Growth  curve  data 


of  the  ground  based  control  studies  performed 
yielded  identical  curves. 

Film  Analysis. — Table  25-1  is  a table  of  the 
length  of  individual  cell  cycles,  in  hours,  from 
cells  in  the  flight  units  and  from  cells  in  the 
backup  units.  The  data  indicate  that  exposure  to 
zero-gravity  did  not  influence  the  duration  of  the 
cell  cycle  nor  the  results  of  mitosis. 

Figure  25-5  is  a graph  indicating  the  number 
of  mitoses  in  the  flight  units  and  in  the  backup 
units.  As  can  be  seen  there  are  no  significant 
differences  between  the  flight  units  and  the  con- 
trol or  backup  units. 

Table  25-11  compares  the  migration  rates  of 
cells  in  the  flight  unit  with  the  migration  of  cells 
in  the  backup  unit.  In  each  case  the  migration 
rates  are  comparable. 

The  flight  and  control  films  were  independently 
reviewed  by  several  scientists.  No  differences  be- 
tween the  flight  films  and  the  backup  control 
films  were  observed  for  such  cellular  parameters 
as  vacuole  formation,  mitosis,  cell  movement,  cell 
size,  nuclear  size,  and  location;  nucleolar  size, 
shape,  location,  and  number;  presence  and  loca- 
tion of  cytoplasmic  organelles,  sol-gel  state  of  the 
cytoplasm,  and  cellular  behavior  on  contact  as 
confluence  in  each  culture  was  reached. 

Chromosome  Banding  Pattern  Analysis. — The 
normal  G-band  and  C-band  patterns  were  found 
in  all  cultures,  including  the  flight  material,  ex- 


Days after  subculture 


flight  and  ground  control  units. 

amined.  No  abnormalities  of  banding  patterns 
wei’e  observed.  The  normal  G-band  pattern  is 
presented  in  figure  25-6  and  the  normal  C-band 
pattern  is  seen  in  figure  25-7.  Both  figures  are 
from  the  “flight”  culture. 

The  preflight  control  culture  received  from  Dr. 
Montgomery,  the  control  and  backup  cultures 
GCM-2053,  GCM-2147,  GCM-2138,  GCM-1808, 
and  the  “flight”  culture  GCM-2052  received  from 
the  Hayflick  Laboratory  all  grew  well  and  all  were 
normal  diploid  lines. 

C-banding  patterns  (constitutive  heterchroma- 
tin)  are  known  to  vary  greatly  in  human  popula- 
tions (ref.  26)  while  G-band  patterns  are  ex- 


Table  25-1. — Length  of  Individual  Cell  Cycles, 
in  Hours 


Flight 

Control 

28.2 

32.4 

27.4 

22.2 

23.7 

20.8 

22.8 

20.7 

22.5 

19.6 

21.3 

19.6 

21.0 

18.8 

20.7 

17.7 

19.9 

17.2 

19.4 

14.5 

18.5 

Average  22.3  ±3.1 

20.4  ±4.8 
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Days  of  film  record  Days  of  film  record 

Figure  25-5. — Mitotic  Index  for  flight  and  ground  control  cultures. 


Table  25-11. — Rates  of  Cell  Migration  in  the 
Flight  and  Ground  Control  Cultures 


Flight 

Control 

Total  number  of  hourly  displacements 
measured 

332 

480 

Average  rate  of  migration  (p./h) 

37.25 

34.7 

Standard  deviation  (p./h) 

±20.8 

±22.5 

Lowest  observed  rate  (/i/h) 

3 

0 

Highest  observed  rate  (^/h) 

95 

114 

tremely  stable.  The  G-band  pattern  of  man  may 
even  be  recognized  as  changed  little  from  those 
in  other  higher  primates  (refs.  27,  28) . Therefore, 
we  expected  that  rearrangements  in  flight  mate- 
rial, if  found,  would  be  of  the  C-band  type.  How- 
ever, no  C-band  changes  were  noted  in  any  of  the 
cultures. 

The  results  obtained  from  this  study  are  in 
keeping  with  data  accumulated  by  this  laboratory 
from  a number  of  experiments  with  both  human 
and  nonhuman  cell  cultures.  It  has  been  estab- 
lished that  diploid  cultures,  properly  maintained, 
seldom  show  rearrangements  of  the  chromosomes 
or  changes  in  banding  patterns  (ref.  29).  Cells 
subjected  to  radiation  (ref.  30),  chemical  stress 
(ref.  31)  or  other  stress  factors  (ref.  32)  may 
develop  chromosomal  aberrations. 

Microspectrophotometry. — The  average  optical 
density  value  for  the  15  determinations  from  each 
nucleus  was  obtained.  This  value  was  then  used  to 


obtain  a mean  and  ±1  standard  deviation  (SD) 
for  each  population.  The  results  are  shown  in 
Table  25-III. 

The  mean  for  in-flight  specimens  is  within  ±1 
SD  of  the  corresponding  control.  The  decrease 
in  the  standard  deviation  with  increase  in  age  of 
the  cells  is  attributed  to  cell  culture  growth  char- 
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Table  25-III. — Average  Optical  Density  of  Nuclei 
of  Flight  and  Control  Cells 


3-day 

6-day 

7-day 

10-day 

11-day 

C 

F 

C 

F 

C 

F 

C 

F 

C 

F 

Mean 

40 

44 

39 

48 

41 

40 

46 

45 

45 

40 

±1  SD 

14 

15 

12 

12 

13 

12 

12 

11 

11 

7 

C,  Control. 
F,  Flight. 
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Figure  25—7. — Chromosome  C-banding  of  WI-38  flight 

cells. 


acteristics.  The  3-day  specimens  were  character- 
ized by  a low  population  density  and  the  cells  were 
in  an  asynchronous  growth  state  with  all  stages  of 
the  cell  cycle  represented. 

Figure  25-8  is  a histogram  of  the  frequency 
of  occurrence  of  the  average  nuclear  optical  den- 
sity value  for  3-day,  6-day,  7-day,  10-day,  and  11- 


3-day  6-day 


Control 
Flight  ^ 


7-day 


10-day 


1 1 -day 


Figure  25-8. — Histogram  showing  average  optical  density  of  flight  and  control  cells. 
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day  control  and  in-flight  nuclei.  The  distribution 
of  the  values  shows  nuclei  in  Gl,  S,  and  G2  phases. 

The  11-day  nuclei  exhibit  a much  narrower 
range  in  distribution  and  were  also  characterized 
by  the  lowest  standard  deviation.  This  is  attrib- 
uted to  the  cells  having  reached  a stationary 
phase  since  the  optical  density  values  indicated  a 
rather  uniform  population  of  nuclei  in  the  Gl 
phase.  When  the  histograms  of  the  populations 
are  compared,  the  trend  from  a growth  phase  (3- 
and  6-day)  to  a stationary  phase  (10-  and  11- 
day)  is  readily  observed. 

Whenever  possible,  mitotic  nuclei  were  scanned 
in  the  3-,  6-,  and  7-day  specimens.  On  the  basis 
of  optical  density  values,  it  was  determined  that 
all  mitotic  nuclei  contained  the  2C  complement  of 
nucleoprotein.  None  of  the  scanned  nuclei  yielded 
data  suggesting  aneuploidy  at  the  4C  or  8C  level. 
Mitotic  nuclei  in  the  10-day  and  11-day  specimens 
were  rarely  seen  and  when  found,  they  were  usu- 
ally not  in  a position  to  obtain  accurate  data. 

Medium  Analysis. — Table  25-IV  is  the  result 
of  the  SMA-12  analysis  of  the  freshly  prepared 
medium,  the  used  flight  medium  and  the  used 
medium  from  the  backup  control  unit.  The  freshly 
prepared  medium  differs  from  the  two  used  me- 
dium samples  mainly  in  a higher  glucose  concen- 
tration. There  is  an  unexplained  difference  in 
glucose  concentration  in  the  used  control  culture 
medium  (75  mg  percent)  and  the  flight  culture 
medium  (93  mg  percent) . Otherwise,  there  is  no 


significant  difference  between  the  used  flight  me- 
dium and  the  used  control  medium. 

Table  25-V  gives  the  results  of  the  amino  acid 
analyses  for  the  freshly  prepared  medium,  the 
used  flight  medium  and  the  used  backup  control 
unit  medium.  There  appears  to  be  no  significant 
differences  between  the  two  samples  of  used  me- 
dium. 

Phase,  Electron,  and  Scanning  Microscopy  of 
Fixed  Cells. — A zero-gravity  environment  pro- 
duced no  observable  differences  in  the  flight  cells 
as  compared  with  the  ground  controls.  Both  flight 
and  control  cells  showed  identical  morphologic 
changes  during  the  period  of  the  experiment, 
which  we  have  attributed  to  age  and  population 
density  of  the  cultures.  These  changes  are  similar 
to  aging  changes  in  WI-38  cells  described  by 
Lipetz  and  Cristofalo  (ref.  33).  Microvilli  are 
relatively  sparse  as  compared  with  those  present 
in  other  cell  lines  such  as  Chang  liver  and  Hela 
cells.  As  the  culture  ages  and  a complete  mono- 
layer  is  formed,  the  cells  become  spindle  shaped 
and  are  aligned  in  a longitudinal  direction  with 
other  cells  to  form  unidirectional  bundles.  As 
these  bundles  of  cells  grow  and  increase  in  size, 
they  intersect  other  bundles  at  varying  angles. 
At  the  point  of  junction  the  two  bundles  of  cells 
not  only  interlace  but  may  cross  each  other  at 
different  levels  forming  a multiple  cell  layer, 
rather  than  a monolayer  of  cells. 

Young  cultures  at  3 to  6 days  of  age  are  rich 


Table  25-IV. — SMA-12  Analysis  of  Fresh,  Used  Flight,  and  Used  Ground 

Control  Culture  Medium 


Culture 

medium 

Fresh  media 

Flight  unit 

Control 

GCMl 

GCM2 

GCMl 

GCM2 

(meq/0 

130.0 

131.0 

132.0 

131.0 

130.0 

(meq/0 

5.98 

6.22 

6.24 

6.24 

6.20 

COa  (meq/0 

3.2 

0.9 

1.2 

1.0 

1.0 

T.P.  (g%) 

0.7 

0.3 

0.35 

0.3 

0.3 

Alb.  (g%) 

0.22 

0.06 

0.01 

0.08 

0.08 

(mg%) 

7.3 

7.35 

7.35 

7.32 

7.36 

Glu.  (mg%) 

124.0 

94.0 

91.0 

71.0 

79.0 

BUN  (mg%) 

2.0 

1.0 

1.0 

1.0 

1.0 

Great.  (mg%) 

0.56 

0.39 

0.42 

0.4 

0.4 

Aik.  Phos.  (mU/ml) 

32.0 

9.0 

29.0 

28.0 

28.0 

SCOT  (mU/ml) 

14.0 

6.0 

7.0 

6.0 

6.0 
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Table  25-V. — Amino  Acid  Analysis  of  Fresh,  Used  Flight,  and  Used 
Ground  Control  Culture  Media 


Culture 

medium 

Fresh  media 

Flight  unit 

Control 

GCMl 

GCMZ 

GCMl 

GCM2 

Lysine 

0.0405 

0.0527 

0.0502 

0.0471 

0.0391 

Histidine 

.0092 

.009 

.0088 

.0085 

Trace 

Arginine 

.0113 

Trace 

Trace 

Trace 

Aspartic  acid 

.0057 

.0049 

.0033 

.0062 

.0060 

Threonine 

.0318 

.0318 

.0326 

.0251 

.0280 

Serine 

.2825 

.280 

.277 

.222 

.266 

Glutamic  acid 

.0537 

.0447 

.0442 

.0493 

.0527 

Glycine 

.0122 

.0150 

.0197 

.0135 

.0137 

Alanine 

.0160 

.0288 

.0376 

.0283 

.0315 

Cystine  (half) 

.0034 

Valine 

.0379 

.0360 

.0344 

.0298 

.033 

Methionine 

.0328 

.0153 

.0106 

.0121 

.0085 

Isoleucine 

.0501 

.0282 

.0301 

.0260 

.0280 

Luecine 

.104 

.0305 

.0326 

.0283 

.0328 

Tyrosine 

.0137 

.0154 

.0134 

.0124 

Phenylalanine 

.0151 

.0171 

.0146 

.007 

page  b 
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in  ribosomes,  filamentous  mitochondria,  and  endo- 
plasmic reticulum,  especially  in  the  central  por- 
tions of  the  cytoplasm  corresponding  to  the 
endoplasm.  The  outer  ectoplasm  is  rich  in  micro- 
tubules and  microfibrils  (fig.  25-9).  Microfibrils 
are  especially  dense  adjacent  to  the  plasma  mem- 
brane where  they  form  distinct  bundles  which 


Figure  25-9. — Transmission  electron  photomicrograph  of 
6-day-old  culture  at  junction  of  central  organelle  rich 
zone  of  cytoplasm  and  ectoplasm.  Vacuoles  in  central 
zone  represent  swollen  mitochondria  (M),  lysosomes, 
microtubules  (MX),  autophagosomes  (A)  and  lipid  drop- 
lets (L).  Endoplasmic  reticulum  (R).  Flight  and  control 
cultures  are  identical.  Magnification  50  000  X. 


may  be  demonstrated  as  light  or  dark  bands  with 
phase  microscopy.  These  bands  run  in  a longi- 
tudinal direction  just  beneath  the  plasma  mem- 
brane of  the  cell  (fig.  25-10). 

As  the  cultures  age,  a variety  of  cytoplasmic 
vacuoles  are  formed.  Transmission  electron  mi- 
croscopy shows  the  vacuoles  may  be  dilated  mito- 


Ficure  25—10. — Phase  photomicrograph  of  8-day-old  WI- 
38  cell  culture.  Note  overgrowth  of  one  cell  over  another 
producing  a multilayered  colony  (O).  Numerous  clear 
vacuoles  are  present  (V).  A few  filamentous  mitochon- 
dria (M)  are  present.  Glutaraldehyde  and  osmium  tetrox- 
ide  fixation.  Gelatin-phenol  mount.  Magnification  2000  X. 
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chondria,  lysosomes,  and  autophagosomes  and  fat 
vacuoles  (fig.  25-10). 

In  the  11-  to  12-day  old  cultures  filamentous 
mitochondria  and  lysosomes  are  decreased.  Endo- 
plasmic reticulum  may  be  decreased  and  there  ap- 
pears to  be  a piling  up  of  ribosomes  around  slightly 
dilated  endoplasmic  reticulum  tubules.  There  is  a 
marked  increase  in  the  number  of  microtubules 
and  microfibrils  (fig.  25-11). 

Scanning  electron  microscopy  confirms  the 
phase  microscopy  and  transmission  electron  mi- 
croscopy observations  that  these  cells  have  a gen- 
erally smooth  surface  and  relatively  few  microvilli. 
Movies  reveal  rapid  membranous  movement  of  the 
distal  cell  surfaces  in  a beating  fashion.  This  ac- 
tivity was  demonstrated  in  static  fashion  with  the 
scanning  electron  microscope  (figs.  25-12  and 
25-13). 

Conclusion 

Twenty  separate  cultures  of  WI-38  human 
embryonic  lung  cells  have  been  exposed  to  a zero- 
gravity  environment  on  a space  satellite  for  peri- 
ods of  time  varying  from  1 to  59  days.  Duplicate 
cultures  were  run  concurrently  as  ground  controls. 
Ten  cultures  were  fixed  during  the  first  12  days 
of  flight.  Growth  curves,  DNA  microspectropho- 
tometry, phase  microscopy,  and  ultrastructural 
studies  of  the  fixed  cells  revealed  no  effects  of  a 
zero-gravity  environment  on  the  10  cultures. 


Figure  25—11. — Transmission  electron  photomicrograph  of 
peripheral  cytoplasm  showing  free  ribosomes  (R),  micro- 
tubules (MT)  and  bundles  of  microfibrils  (MF)  beneath 
plasma  membrane.  Magnification  100  000  X. 


Figure  25—12. — Scanning  electron  photomicrograph  of 
WI-38  cell  near  end  of  telophase.  Some  cytoplasmic 
bubbling  (B)  is  present.  Triangular  shaped  membra- 
nous cytoplasm  is  beginning  to  form  (T). 


Figure  25-13. — High  magnification  of  triangular  shaped 
membranous  cytoplasm  in  previous  picture.  Note  folded 
cytoplasm  (F),  static  view  of  the  membranous  beating 
of  peripheral  cytoplasm  typical  of  cells  in  tissue  culture. 
Microvilli  are  sparse  in  the  WI-38  cell.  Magnification 
20  000  X. 
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Two  cultures  were  photographed  by  means  of 
phase  time-lapse  cinematography  during  the  first 
27  days  of  the  flight.  Analysis  of  the  films  revealed 
that  there  were  no  differences  in  mitotic  index, 
cell  cycle,  and  migration  between  the  flight  and 
control  cells. 

Eight  cultures  were  not  fixed  but  returned  to 
Earth  in  a viable  state  after  being  incubated  at 
36°  C during  the  first  12  days  of  the  flight  and 
at  22°  C for  the  remainder  of  the  flight.  At  the 
present  time  only  karyotyping  and  chromosome 


banding  have  been  performed  in  these  cells.  There 
are  no  differences  between  the  flight  and  control 
cell  cultures. 

Minor  unexplained  differences  have  been  found 
in  biochemical  constituents  of  the  used  flight  and 
control  media.  Our  present  opinion  is  that  these 
changes  are  of  no  significance. 

Within  the  limits  of  the  experimental  design, 
it  was  found  that  a zero-gravity  environment  pro- 
duced no  detectable  effects  on  Wistar-38  human 
embryonic  lung  cells  in  tissue  culture. 
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Blood  Volume  Changes 
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Decreased  red  cell  mass  has  been  found  reg- 
ularly among  astronauts  who  return  from 
space  flight.  This  was  first  documented  in  the  crew 
of  the  8-day  Gemini  5 mission  and  confirmed  in 
the  crewmembers  of  the  14-day  Gemini  7 mission. 
Simultaneously  estimated  ®^Cr  red  blood  cell  half- 
times were  shortened  suggesting  hemolysis  com- 
bined with  bone  marrow  unresponsiveness  to  the 
decrease  as  the  major  causes  of  the  observed 
decrease  in  red  cell  mass  (ref.  1).  Similar  studies 
after  four  Apollo  Moon  landing  missions  showed 
that  the  red  cell  mass  decreases  were  not  associ- 
ated with  decreased  ®^Cr  red  blood  cell  survivals 
suggesting  that  marrow  inhibition  rather  than 
hemolysis  may  have  been  the  cause  of  the  10  per- 
cent mean  red  cell  mass  loss.  The  crews  of  both 
the  Apollo  and  Gemini  missions  were  exposed  to 
at  least  4 hours  of  100  percent  oxygen  at  1.0132  X 
10^  kPa  (760  mm  Hg)  prior  to  launch  and  during 
flight  to  a hypobaric-hyperoxic  atmosphere  [100 
percent  oxygen,  0.3440X10^  kPa  (258  mm  Hg)]. 
It  has  been  tempting  to  explain  the  decrease  in 
red  cell  mass  as  due  to  the  effects  of  hyperoxia 
since  hyperoxia  is  known  to  both  inhibit  er}d;hro- 
poiesis  and  cause  hemolysis  (refs.  2,  3). 

The  Skylab  missions  differ  from  the  Apollo 
missions  by  not  having  hyperoxic  environment 
except  for  2 hours  of  100  percent  oxygen  at 
1.0132X10^  kPa  (760  mm  Hg)  prior  to  launch 
and  for  a few  hours  during  the  first  day  when  the 
atmosphere  was  similar  to  that  of  Apollo.  The 
Skylab  missions  have  afforded  an  opportunity  to 
rule  out  the  hyperoxic  hypothesis  of  the  red  cell 
mass  decrease  while  at  the  same  time  testing 
whether  changes  in  red  cell  mass  are  progressive 
with  longer  periods  in  weightlessness. 

* Baylor  College  of  Medicine,  Houston,  Texas. 


Methods 

Red  cell  mass  measurements  were  made  accord- 
ing to  the  following  schedule.  Skylab  2,  a 28-day 
mission:  29  days  prior  to  launch,  recovery  day,  and 
13,  42,  and  67  days  later;  Skylab  3,  a 59-day  mis- 
sion: 20  days  before  launch,  recovery  day,  and  14 
and  45  days  later;  and  Skylab  4,  an  84-day  mis- 
sion: 21  and  1 day  before  launch,  recovery  day, 
and  14  and  31  days  later.  All  specimens  were 
drawn  in  the  morning  after  an  overnight  rest 
with  the  crewman  fasting  except  for  the  recovery 
day  samples  which  were  drawn  within  2 hours  of 
the  time  when  the  spacecraft  landed  in  the  ocean. 
The  12.5  milliliters  of  blood  drawn  for  the  red  cell 
mass  were  mixed  with  2.5  milliliters  of  special 
ACD  solution  and  25  fxCi  ^^Cr.  Sixty  milliliters  of 
blood,  to  satisfy  the  blood  requirements  of  other 
experiments,  were  drawn  prior  to  the  reinfusion  of 
the  10  milliliters  of  the  ^^Cr  tagged  red  cells.  The 
cells  were  incubated  for  4 minutes  at  room  temper- 
ature and  subsequently  50  milligrams  of  ascorbic 
acid  were  added  prior  to  reinfusion.  The  red  cell 
mass  determination  was  obtained  by  averaging  the 
red  cell  radioactivity  of  a 30-  and  31-minute 
sample.  For  each  specimen,  2.5  milliliters  of  blood 
were  drawn.  Plasma  radioactivity  was  separated  to 
remove  the  effect  of  untagged  chromium.  The 
methods  used  to  assure  accurate  injection  and 
statistically  significant  counting  of  the  radio- 
activity are  described  elsewhere  (ref.  4). 

Thirty  days  prior  to  launch,  50  /xCi  ^^C-glycine 
were  injected  intravenously  for  a red  cell  life  span 
study;  the  radioactivity  was  followed  for  a 
total  of  125  days  on  the  first  mission,  131  days  on 
the  second  mission,  and  141  days  on  the  third 
mission.  Blood  was  generally  drawn  weekly 
throughout  this  period  including  the  time  in 
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space.  Radioactivity  was  determined  by  extracting 
heme,  igniting  the  dried  extract,  and  determining 
fid  of  per  milligram  heme.  At  recovery,  2 /tCi 
of  ®*Fe  citrate  were  injected  for  calculation  of  iron 
turnover  using  the  30-,  31-minute  samples  and  a 
blood  sample  drawn  2 to  3 hours  later.  Iron  re- 
appearance was  obtained  from  blood  samples 
drawn  1,  3,  7,  and  14  days  after  recovery.  Reticu- 
locyte counts  were  obtained  weekly  preflight  and 
postflight.  Activity  of  ®*Cr  red  cells  was  meas- 
ured to  estimate  red  cell  chromium  halftime.  The 
total  blood  drawn  for  each  crewmember  is  shown 
in  table  26-1. 

To  insure  that  the  amount  of  blood  drawn  did 
not  influence  these  results,  similar  amounts  of 
blood  were  drawn  from  healthy  control  subjects. 
These  control  subjects  were  approximately  the 
same  age  as  the  crewmembers.  Since  the  control 
subjects  accompanied  the  medical  team  to  the  re- 
covery carriers  and  Cape  Kennedy,  their  blood 
results  were  a confirmation  that  the  remote  facil- 
ities and  delayed  final  preparation  did  not  affect 
the  results. 

Plasma  volume  was  measured  by  injecting  2 
/tCi  human  serum  albumin  each  time  the  red 
cell  mass  was  determined.  This  procedure  has  been 
described  in  detail  elsewhere  (ref.  4). 

Results 

Table  26-11  shows  the  red  cell  mass  volume 
values  obtained  from  the  nine  crewmembers  and 
the  nine  control  subjects.  These  are  presented  as 
total  red  cell  mass  (milliliters)  and  on  a milliliters 
per  kilogram  body  weight  basis. 

The  mean  value  of  the  premission  red  cell  mass 
of  the  crewmembers  was  2075  milliliters  which  is 
not  different  from  the  mean  values  of  the  controls, 
2053  milliliters.  The  mean  values  of  the  red  cell 
mass/kilogram  body  weight  was  28.9  milliliters/ 


kilogram  for  the  crew  and  27.2  milliliters/kilo- 
gram for  the  controls.  These  mean  values  are  not 
different  statistically.  The  recovery  mean  value 
of  the  crew,  1843  milliliters,  was  different  from 
their  preflight  mean  value  and  different  from  the 
controls  postflight  mean  of  2046  milliliters  (P< 
0.05).  The  crewmembers  showed  a mean  value 
decrease  of  232  milliliters  and  the  controls  showed 
a decrease  of  7 milliliters.  Calculated  on  a milli- 
liters/kilogram body  weight  basis,  the  crew’s  post- 
mission mean  value  was  26.6  milliliters/kilogram 
body  weight  or  2.3  milliliters  less  than  premission 
while  the  controls  did  not  change  from  the  pre- 
mission value  of  27  milliliters/kilogram  body 
weight. 

Evidence  against  a hemolytic  process  is  pre- 
sented in  table  26-III  where  the  ®^Cr  red  cell  TV^ 
preflight  and  postmission  values  and  the  >^C- 
glycine  red  cell  life  span  mean  values  are  shown. 
There  is  no  difference  of  statistical  significance 
between  the  preflight  and  postflight  crew  mean 
values  or  the  crew  and  control  mean  values  either 
for  the  ®'Cr  TYz  or  the  “C-glycine  red  cell  mean 
life  span. 

Table  26-IV  shows  the  iron  turnover  results. 
The  0.32  milliliters/kilogram  body  weight  per  day 
for  the  crew  is  similar  to  the  0.30  milliliters/kilo- 
gram body  weight  per  day  for  the  control  subjects. 
Statistical  analysis  indicates  no  difference  be- 
tween controls  and  crew  in  reapparance  or  turn- 
over indicating  that  the  rate  of  erythropoiesis  was 
essentially  the  same  for  crewmembers  and  con- 
trol subjects. 

Table  26-V  shows  the  reticulocyte  counts  ar- 
ranged according  to  mission.  These  are  shown  as 
the  number  of  reticulocytes  per  cubic  milliliters 
of  blood  X 10~®.  The  reticulocyte  counts  were  low 
when  drawn  at  recovery  following  each  mission. 
Postmission  reticulocyte  counts  greater  than  pre- 


Table  26-1. — Blood  Drmvn  for  Skylab  Crewmembers  and  Control  Subjects 


Mission 

duration 

(days) 

Preflight 
ml/ day 

During 

flight 

ml/day 

Postflight 

ml/day 

Total  ^ 
ml/day 

Mean 

ml/day 

ml 

28 

385/30 

44/28 

365/18 

794/76 

10 

59 

344/21 

88/59 

373/20 

805/100 

8 

84 

378/35 

88/84 

423/21 

889/140 

6 

1 Total  millimeters  blood/days  between  first  and  last  blood  drawings.  No  single  blood  specimen  exceeded 
100  milliliters  in  any  24-hour  period. 
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Table  26-11. — Red  Cell  Mass  and  Red  Cell  Mass/Kilogram  Body  Weight  of 
Skylab  Crewmembers  and  Control  Subjects 


Mission 

Day 

Crewmember 
ml/ml  per  Kg 

Controls 
ml/ml  per  Kg 

Cmdr, 

Scientist 

Pilot 

Pilot 

1 

2 

S 

28-Day 

F-29  : 

2097/33.5 

2088/26.6 

2394/29.3 

1918/25.6 

2213/27.6 

1798/23.0 

R + 0 

1778/29.5 

1763/23.7 

2104/27.7 

1949/26.0 

2299/28.9 

1718/21.9 

R + 13 

1729/28.4 

1745/23.3 

2088/27.0 

1911/26.0 

R + 42 

1927/30.0 

2340/28.7 

R + 67  ; 

2033/31.1 

2120/27.3 

2441/29.8 

59-Day 

F-20 

1841/26.9 

1780/28.9 

2608/30.0 

2237/28.0 

2250/30.0 

1932/29.5 

R + 0 

1728/26.7 

1427/24.3 

2332/27.2 

2154/27.3 

2259/30.2 

1899/28.2 

R+14 

1791/27.2 

1534/25.1 

2454/27.6 

2122/26.6 

1883/28.3 

R + 45 

1898/27.2 

1810/28.9 

2690/30.4 

84-Day 

F-21 

1920/28.4 

2039/28.5 

1904/28.0 

2119/27.4 

2197/29.7 

1817/24.2 

F-1  1891/27.8 

2000/28.0 

1962/29.2 

2119/27.4 

2258/30.5 

1766/23.3 

R + 0 

1813/26.6 

1851/26.4 

1790/27.0 

2096/27.8 

2187/29.4 

1845/24.2 

R + 14  : 

1829/26.6 

1941/27.1 

1826/27.0 

2070/26.7 

2175/29.6 

1752/23.1 

R + 31  ; 

1995/28.8 

2066/27.8 

2010/28.8 

F,  days  before  launch.  R,  days  following  recovery  from  flight. 


mission  means  were  found  in  only  one  crewmem- 
ber of  the  28-day  mission  at  2 weeks,  the  three 
crewmembers  of  the  59-day  mission  at  1 week,  and 
at  1 week  or  less  for  the  crew  of  the  84-day  mis- 
sion. These  results  indicate  that  red  cell  mass  re- 
generation did  not  occur  until  14  or  more  days  after 
recovery  from  the  shortest  mission.  The  control 
subjects  did  not  develop  a change  in  the  reticulo- 
cyte count  at  any  time  indicating  that  reticulocyte 
changes  found  in  the  crewmembers  were  not 
caused  by  the  blood  drawing  schedule. 

The  plasma  volume  changes  are  shown  in  table 
26-VI  for  the  nine  crewmembers  of  the  three 
manned  Skylab  missions.  The  results  are  ex- 
pressed as  percent  change  from  the  premission 
value.  The  values  for  the  pilot  of  the  first  mission 
suggest  that  his  plasma  volume  was  artifically  low 
when  his  premission  control  was  obtained.  Indeed, 
on  the  initial  day  preflight,  his  hematocrit  was 
elevated  and  plasma  proteins  were  higher  than  in 
later  specimens.  Therefore,  we  have  assumed  that 
his  R + 67-day  value  is  more  representative  of  his 
normal  level.  His  data  are  expressed  both  ways. 

Discussion 

The  red  cell  mass  results  of  the  Skylab  studies 
show  that  the  crewmembers  sustained  a statis- 


tically significant  decrease  in  circulating  red  cells. 
The  decreases  were  not  found  among  the  ground- 
based  control  subjects  indicating  that  the  blood 
drawn  for  the  extensive  metabolic  studies  did  not 
cause  the  change.  Additionally,  the  second  red 
cell  mass  obtained  from  the  crew  prior  to  the  84- 
day  mission  showed  that  no  decrease  in  red  cell 
mass  occurred  prior  to  launch  indicating  that 
premission  preparations  did  not  cause  the  change. 
Iron  turnover  immediately  post  recovery  was  nor- 
mal. The  depressed  reticulocyte  counts  at  recovery 
indicate  inhibited  reticulocyte  release  or  accel- 
erated loss  of  reticular  material.  The  lowering  of 
reticulocyte  counts  was  greatest  for  the  crew  of 
the  shortest  mission  and  least  for  the  crew  of  the 
longest  mission.  This  suggests  the  84-day  crew 
may  already  have  been  in  the  recovery  or  replace- 
ment phase  of  red  cell  mass  prior  to  their  return 
from  weightlessness.  The  red  cell  mass  mean  de- 
crease found  after  the  28-day  Skylab  mission  was 
greater  than  the  mean  results  obtained  from  the 
Apollo  crewmembers  while  the  mean  decrease 
found  after  the  longest  Skylab  mission  was  less 
(ref.  5). 

The  etiology  of  the  red  cell  mass  drop  and 
lowered  reticulocyte  counts  at  recovery  is  un- 
known. The  red  cell  mass  is  the  most  stable  of  the 
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Table  26-III. — Red  Cell  Halftimes  in  Days  of  Skylab  Crewmembers 

and  Control  Subjects 


Crewmembers 

Controls 

Mission 

duration 

(day) 

Pre  flight 

Post- 

flight 

Change 

Pre  flight 

Post- 

flight 

Change 

28 

31.2 

24.2 

-7.0 

23.8 

23.3 

-0.5 

26.6 

21.7 

-4.9 

24.7 

23.0 

-1.7 

27.9 

24.4 

-3.5 

23.1 

21.0 

-2.1 

59 

22.4 

22.8 

-1.6 

26.4 

22.0 

-4.4 

28.8 

27.2 

-1.6 

21.5 

22.0 

+ 0.5 

25.6 

23.6 

-2.0 

24.0 

23.2 

-0.8 

84 

24.4 

27.4 

+ 3.0 

29.0 

26.7 

-2.3 

22.7 

24.5 

+ 1.8 

25.6 

24.8 

-0.8 

23.5 

21.8 

-1.7 

20.0 

20.1 

+ 0.1 

Mean 

26.1 

24.2 

-1.9 

24.2 

22.9 

-1.3 

±S.E. 

±0.9 

±0.7 

±1.0 

±0.9 

±0.7 

±0.5 

“ C-Glyeine  Red  Cell  Mean  Life  Span  in  Days 


Crewmembers 


Controls 


28 

130 

117 

116 

59 

128 

118 

122 

122 

122 

107 

84 

125 

130 

131 

128 

113 

106 

Mean 

123 

118 

±S.E. 

±2 

±4 

various  blood  constituents.  Sudden  drops  in  red 
cell  mass  are  possible  due  to  hemorrhaging  or 
hemolysis.  Gradual  decreases  are  produced  by  in- 
hibition of  bone  marrow  activity,  ineffective  eryth- 
ropoiesis  or  chronic  hemorrhage.  There  was  no 
clinical  evidence  of  hemorrhage  among  the  crews 
and  haptoglobin  levels  have  tended  to  be  normal 
or  elevated  rather  than  suppressed  indicating  that 
intravascular  hemolysis  did  not  occur  in  Apollo 
or  Skylab  crews  (ref.  6).  Iron  reappearance  data 
gave  no  clinical  evidence  to  suggest  ineffective 
erythropoiesis.  The  low  reticulocyte  counts  are 


additional  evidence  against  ineffective  erythro- 
poiesis. 

An  age  dependent  loss  of  red  cells  is  a possibil- 
ity and  would  not  be  seen  in  the  survival  curves 
obtained  if  red  cells  greater  than  30  days  of  age 
were  sequestrated  and  destroyed  selectively  during 
the  first  few  mission  days.  Loss  of  cells  older  than 
30  days  would  not  affect  the  results  since  the  older 
cell  did  not  contain  the  “C-glycine. 

Premature  loss  of  older  cells  without  intravas- 
cular hemolysis  suggests  red  cell  surface  and 
shape  changes.  This  was  actually  found  since  all 
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crewmembers  showed  an  increase  in  abnormal 
red  cell  shapes  including  crenated  erythrocytes  in 
the  scanning  electron  microscope  evaluation  of 
their  blood  samples  taken  at  the  end  of  the  flight 
(ch.  28).  Hyperoxia  through  lipid  peroxidation 
could  cause  the  red  cell  shape  changes.  This  may 
have  been  the  cause  of  the  red  cell  mass  decreases 
found  in  Gemini  and  Apollo  crewmembers.  It 
could  not  explain  the  red  cell  mass  decrease  noted 
in  the  Skylab  crewmembers.  Therefore,  other  as- 
pects of  the  environment  must  have  caused  this 
change.  A possible  but  unproven  explanation  of 


Table  26-IV. — Iron  Turnover 


Mission  duration 
( days) 

(ml/ kg  body  weight  per  day) 

Crewmembers 

Controls 

28 

0.22 

0.38 

0.35 

0.33 

0.38 

0.35 

59 

0.39 

0.29 

0.24 

0.30 

0.21 

0.29 

84 

0.30 

0.21 

0.38 

0.23 

0.42 

0.32 

Mean 

0.32 

0.30 

±S.E. 

±0.03 

±0.01 

this  combination  of  abnormally  shaped  red  cells 
and  decreased  red  cell  mass  among  the  Skylab 
astronauts  would  be  a change  in  splenic  func- 
tion during  the  mission.  Hypersplenism  could 
start  early  during  the  mission  when  the  blood 
volume  was  relatively  too  large  perhaps  associated 
with  the  increased  portal  pressure  and/or  de- 
creased portal  flow.  This  would  be  consistent  with 
the  2 or  3 days  of  nausea  and  loss  of  appetite  re- 
ported by  susceptible  crewmembers. 

The  crewmembers'  reticulocyte  counts  were  low 
at  recovery  indicating  increased  splenic  removal 
of  reticulum  or  decreased  bone  marrow  produc- 
tion rates.  A vitamin  E deficiency  is  one  cause  of 
early  reticulum  loss,  but  inhibited  bone  marrow  is 
more  likely  because  the  red  cell  mass  stayed  low. 
Bone  marrow  function  would  not  increase  to  re- 
place the  lost  red  cells  if  oxygen  delivery  to  the 
kidneys  was  maintained.  Either  hyperoxia  or  hy- 
perphosphatemia could  cause  this  by  shifting  the 
oxygen  disassociation  curve  to  the  right.  In  this 
way  net  oxygen  delivery  to  the  tissues  is  increased 
making  a lowered  red  cell  mass  adequate  for  tis- 
sue oxygen  (ref.  7) . This  mechanism  helps  account 
for  the  Skylab  results  since  m-flight  blood  speci- 
mens showed  higher  phosphorus  levels.  The  red 
cell  mass  decrease  associated  with  space  flight  is 
not  followed  by  a decrease  in  hemoglobin  concen- 
tration since  plasma  volume  decreases  occur  at  the 
same  time  (ref.  5).  The  kidneys  use  both  changes 
in  hemoglobin  concentration  and  oxygen  delivery 


Table  26-V. — Reticulocyte  Counts  of  Skylab  Crewmembers 


(Reticulocytes  XlO'Vmm®  Blood) 


Mission  Duration 

28  Days 

59  Days 

84,  Days 

Scientist 

Scientist 

Scientist 

Crewmembers 

Commander 

Pilot 

Pilot 

Commander 

Pilot 

Pilot 

Commander 

Pilot 

Pilot 

Premission  Mean 

37 

37 

27 

32 

33 

43 

48 

43 

44 

±SD 

2 

1 

3 

6 

3 

2 

5 

7 

3 

Recovery  (R) 

17 

19 

8 

25 

21 

29 

41 

38 

40 

R + 1 Day 

18 

24 

12 

46 

45 

M7 

R + 3 Days 

24 

30 

14 

29 

24 

41 

38 

M8 

31 

R + 1 Week 

29 

30 

22 

M2 

M5 

M02 

M6 

55 

72 

R + 2 Weeks 

28 

^38 

21 

38 

81 

126 

77 

88 

83 

R+3  Weeks 

33 

35 

26 

88 

74 

91 

77 

78 

88 

1 First  value  greater  than  premission  mean. 
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Table  26-VL — Plasma  Volume — Percent  Change  From  Premission  Value 


First  Skylab  mission 

Commander 

Scientist 

Pilot 

Pilot 

Mean 

Premission  volume  (ml) 

3042 

3506 

3472 

Percent 

Percent 

Percent 

Percent 

Percent 

R + 0^ 

-2.5 

-10.3 

+ 2.6 

(•-12.3) 

-8.4 

R+13 

-1.2 

- 5.6 

+ 14.1 

(’-  2.5) 

-3.1 

R+42 

+ 8.5 

+ 18.6 

(•+  1.4) 

+4.9 

R+67 

-5.7 

- 1.1 

+ 17.0 

(•0.0) 

-2.3 

Second  Skylab  mission 

Premission  volume  (ml) 

3157 

2798 

3885 

Percent 

Percent 

Percent 

Percent 

R + 0' 

-18.4 

- 9.1 

-11.8 

-13.1 

R+14 

+ 0.1 

+ 14.7 

+ 2.0 

+ 5.6 

R + 45 

+ 2.8 

+ 11.7 

+ 6.8 

+ 7.1 

Third  Skylab  mission 

Premission  volume  (ml) 

3067 

3620 

3195 

Percent 

Percent 

Percent 

Percent 

R + 0' 

-15.7 

-19.2 

-12.9 

-15.9 

R+14 

+ 8.6 

+ 7.4 

+ 13.0 

+ 9.7 

R+31 

+ 6.4 

+ 17.7 

+ 5.9 

+ 10.0 

1R+,  Recovery  + day(s). 

2 Percent  change  calculated  using  R + 67  day  value. 


to  modulate  erythropoietin  release.  Thus,  the  de- 
creased red  cell  masses  of  the  Skylab  crewmem- 
bers might  not  be  followed  by  compensatory 
increases  in  erythropoietin  until  plasma  volume  in- 
creased. Without  increased  erythropoietin,  bone 
marrow  activity  would  not  increase  and  should 
appear  inhibited  until  a new  equilibrium  is 
reached. 

Both  hyperphosphatemia  and  the  decreased 
plasma  volume  seem  to  explain  the  low  reticulo- 
cyte counts  found  at  recovery.  At  recovery  iron 
turnover  was  normal  indicating  a possible  re- 
bound in  bone  marrow  activity.  The  rapid  ex- 
pansion in  plasma  volume  during  that  time  could 
account  for  the  normal  iron  turnover. 

The  mean  percent  decrease  in  plasma  volume  of 
the  crewmembers  after  Skylab  2 (28  days)  was 
less  than  Skylab  3 (59  days)  and  Skylab  4 (84 
days)  but  still  greater  than  the  Apollo  results 
( — 5 percent  mean)  indicating  that  the  plasma 
volume  does  not  return  to  normal  even  after  pro- 
longed spaceflight. 


Summary 

Taken  in  its  totality  with  previous  flight  data, 
the  Skylab  data  confirm  that  a decrease  in  red 
cell  mass  is  a constant  occurrence  in  space  flight. 
Except  in  the  Gemini  missions  the  decrease  does 
not  seem  to  be  caused  by  intravascular  hemol- 
ysis. Splenic  trapping  of  red  cells  is  a plausible 
explanation  for  the  loss  of  red  cells.  After  the 
initial  loss,  there  is  at  least  a 30-day  delay  before 
the  red  cell  mass  begins  to  reconstitute  itself  in- 
dicating an  inhibited  bone  marrow.  Two  unrelated 
biological  changes  during  the  missions  may  have 
been  the  cause  of  the  bone  marrow  inhibition. 
Fii'st,  the  plasma  volume  decreased  causing  tis- 
sues sensitive  to  peripheral  hematocrit  changes  to 
not  recognize  the  decrease  in  red  cell  mass.  Later, 
serum  phosphorus  rose  causing  increased  red 
cell  release  of  oxygen.  The  oxygen-sensitive  kid- 
ney would  counter  this  by  decreasing  erythropoi- 
etin production.  This  combination  of  events 
probably  explains  the  observed  decrease  in  reti- 
culocyte counts. 
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CHAPTER  27 

Red  Cell  Metabolism  Studies  on  Skylab 


Charles  E.  Mengel  » 


The  untoward  effects  of  high  oxygen  ten- 
sion for  many  years  had  been  largely  of  aca- 
demic and  in  vitro  interest  only.  Development  of 
the  use  of  oxygen  under  high  pressure  for  medical 
purposes,  and  the  use  of  a hyperoxic  environ- 
ment in  the  cabins  of  space  vehicles  for  United 
States  manned  space  flights,  increased  the  prac- 
tical implications  of  the  potential  untoward  ef- 
fects. These  situations  also  provided  a special 
opportunity  for  study  of  varying  aspects  of  red 
cell  metabolism.  It  had  been  demonstrated  that 
susceptible  animals  exposed  to  oxygen  under  high 
pressure  developed  hemolysis  due  to  peroxidation 
of  unsaturated  fatty  acids  in  red  cell  membrane 
(ref.  1).  It  was  also  demonstrated  that  a similar 
event  could  occur  in  humans  (ref.  2).  Subsequent 
studies  under  simulated  and  actual  space  flight 
conditions  demonstrated  variable  decreases  of  the 
red  cell  mass. 

A major  limiting  factor  in  the  interpretation 
of  data  obtained  during  the  Gemini  and  Apollo 
series,  however,  was  that  blood  samples  were 
analyzed  before  and  after  flight.  There  was  no 
information  as  to  what,  if  any,  changes  occurred 
during  space  flight  itself.  The  Skylab  program 
thus  offered  a unique  opportunity  for  the  study 
of  the  possible  effects  of  that  environment  and 
flight  on  red  cell  metabolism. 

The  studies  carried  out  included  an  analysis  of 
red  cell  components  involved  with 

Peroxidation  of  red  cell  lipids ; 

Enzymes  of  red  cell  metabolism ; 

Levels  of  2,3-diphosphoglyceric  acid  and  adeno- 
sine triphosphate. 

* University  of  Missouri,  Columbia,  Missouri. 


Materials  and  Methods 

The  details  and  schedules  of  sampling  appear 
elsewhere. 

Blood  was  kept  frozen  for  transport  of  samples 
from  the  Johnson  Space  Center  to  the  investi- 
gator’s laboratory.  Samples  there  remained 
frozen  at  —39°  C ( — 70°  F)  until  the  time  of 
determination.  In  all  procedures,  samples  of  blood 
drawn  concomitantly  from  controls  were  run  si- 
multaneously with  astronaut  specimens. 

Details  of  most  analytic  procedures  used  have 
been  previously  described  (refs.  3,  4,  5,  6,  7,  8). 

The  procedures  employed  for  2,3-diphospho- 
glyceric acid  were  basically  those  described  by 
Oski  (ref.  9)  and  Krimsky  (ref.  10). 

A hemoglobin  determination  as  made  on  blood 
samples  using  the  cyanmethemoglobin  method. 
The  final  readings  were  thus  expressed  as  micro- 
moles of  red  cell  2,3-diphosphoglyceric  acid  per 
gram  of  hemoglobin.  Simultaneous  standards 
were  performed  with  runs,  and  also  checked 
against  a prepared  standard  curve.  The  range 
used  on  the  standard  curve  was  between  0.1  and 
0.4  micromoles  (/iM). 

Abbreviations  used  in  tables  27-1  through  27- 
VI: 


GSH 

Reduced  glutathione 

ATP 

Adenosine  triphosphate 

2,3-DPG 

2,3-diphosphoglyceric  acid 

G6PD 

Glucose-6-phosphate  dehy- 
drogenase 

HK 

Hexokinase 

PFK 

Phosphof  ructokinase 

G3PD 

Glyceraldehyde  phosphate 
dehydrogenase 

PGK 

Phosphoglyceric  kinase 
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Table  27-1. — Skylab  2,  metabolic  changes  in  red  cells 


Pre  flight 

In-flight ' 

Postflight 

Determination  * 

Controls 

Astronauts 

Controls 

Astronauts 

Controls 

Astronauts 

mean  ± 1 SD 

mean  ± 1 SD 

mean  ± 1 SD 

mean  ± 1 SD 

Sig. 

mean  ± 1 SD 

mean  ± 1 SD 

Sig. 

GSH  (mg  %) 

195.0 

±30.0 

183.0 

±56.0 

162.0 

±23.0 

169.0 

±24.0 

130.0 

± 9.0 

148.0 

±19.0 

ATP  (liM/g  Hb) 

5.7 

± 1.3 

5.7 

± 

0.8 

3.7 

± 

0.7 

4.5 

± 1.7 

3.6 

± 0.6 

3.5 

± 

0.5 

Lipid  Peroxides 

0 

0 

0 

0 

0 

0 

2,3-DPG  (^M/g  Hb) 

9.6 

± 2.9 

8.1 

± 

2.7 

9.2 

± 

2.7 

7.8 

± 3.5 

14.4 

± 3.0 

14.7 

± 

4.6 

G6PD  (En/g  Hb) 

7.0 

± 1.4 

7.1 

± 

1.6 

3.9 

± 

1.3 

3.9 

± 1.1 

4.9 

± 0.7 

5.3 

± 

0.4 

HK  (Efi/g  Hb) 

0.50 

± 0.13 

0.46 

± 

0.13 

0.65 

± 

0.17 

2.4 

± 1.6 

P<0.005 

0.18 

± 0.09 

0.48 

± 

0.4 

PFK  {E^i/g  Hb) 

26.2 

± 7.5 

22.7 

± 

5.7 

30.4 

± 

8.5 

28.8 

±11.3 

37.0 

± 7.0 

25.0 

6.0  P<0.025 

G3PD  (Efi/g  Hb) 

59.0 

±12.0 

65.0 

± 

8.0 

44.0 

± 

8.0 

53.0 

± 9.0 

P<0.05 

56.0 

±11.0 

53.0 

± 

4.0 

PGK  {Eii/g  Hb) 

28.4 

± 4.0 

26.7 

± 

8.4 

18.5 

± 

7.0 

20.4 

± 6.3 

17.8 

± 3.6 

19.5 

2.5 

PK  (En/g  Hb) 

12.6 

± 4.0 

10.7 

± 

5.2 

4.0 

± 

1.2 

5.7 

± 1.4 

P<0.01 

8.6 

± 1.8 

7.6 

1.8 

ACHE  (E^/g  Hh) 

62.0 

± 6.0 

64.0 

± 

8.0 

53.0 

± 

6.0 

55.0 

± 6.0 

60.0 

± 6.0 

65.0 

± 

4.0 

* Data  griven  includes  all  samples.  No  differences  between  controls  and  astronauts  were  observed  at  each  individual  sampling  time. 

* These  abbreviations  are  defined  in  Materials  and  Methods. 
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PK  Pyruvate  kinase 

AChE  Acetylcholinesterase 

Results 

The  data  obtained  from  Skylab  2 are  shown  in 
table  27-1.  Preflight  differences  between  astro- 
nauts and  controls  were  not  noted. 

With  the  in-flight  samples,  there  were  increases 
of  hexokinase,  pyruvate  kinase,  and  glyceralde- 
hyde  phosphate  dehydrogenase.  The  changes  of 
adenosine  triphosphate  and  2,3-diphosphoglyc- 
eric  acid  were  not  significant. 

Postflight  there  was  a significant  decrease  of 
phosphofructokinase. 

The  data  obtained  from  Skylab  3 are  summa- 
rized in  tables  27-11  and  27-III.  Astronauts  and 
controls  were  identical  preflight. 

During  flight  there  were  significant  decreases 
of  hexokinase,  phosphoglyceric  kinase,  and  acetyl- 
cholinesterase, and  increases  of  pyruvate  kinase. 

Postflight  the  changes  noted  on  recovery  day 
and  days  1 and  14  varied. 

The  results  of  Skylab  4 studies  are  shown  in 
tables  27-IV  through  27-VI. 

They  show  that  the  only  significant  change  oc- 
curred in  phosphofructokinase  during  the  early 
stage  of  the  in-flight  samples. 

Discussion 

The  advent  of  the  use  of  medical  hyperoxia 
and  the  use  of  increased  oxygen  tensions  in  space 


capsules  prompted  the  need  for  further  study  into 
changes  induced  by  variable  environments  and 
the  potential  untoward  effects  on  many  tissues 
including  red  cells.  Previous  studies  in  our  labora- 
tory had  indicated  that  a mechanism,  in  fact  the 
only  mechanism,  responsible  for  destruction  of 
red  cells  by  hyperoxia  was  peroxidation  of  the 
unsaturated  fatty  acids  in  red  cell  membranes. 

In  addition  to  these  changes,  other  studies  also 
demonstrated  alterations  of  glycolytic  intermedi- 
ates and  enzymes  which,  however,  could  not  be 
linked  to  concrete  evidence  of  cell  damage. 

Previous  space  flight  studies  were  limited  by 
the  fact  that  samples  could  only  be  obtained  be- 
fore and  after  flight,  and  frequently  inappropri- 
ate controls  existed.  The  major  contribution 
allowed  by  the  Skylab  series  of  studies  was  the 
availability  of  simultaneous  control  samples  as 
well  as  in-flight  samples  from  astronauts.  It  should 
be  noted,  however,  that  there  were  progressive 
gas  composition  changes  as  the  varied  series  of 
Gemini,  Apollo,  and  Skylab  flights  occurred. 

In  our  present  studies,  there  was  no  evidence  of 
lipid  peroxidation  in  any  of  the  samples.  This  may 
be  taken  as  evidence  that  the  likelihood  of  overt 
red  cell  damage  would  be  slim.  There  were,  how- 
ever, certain  changes  observed  in  glycolytic  inter- 
mediates and  enzymes.  For  perspective,  these  are 
summarized  in  table  27-VII.  Included  in  this  table 
are  summary  data  from  the  Skylab  Medical  Ex- 
periments Altitude  Test  (SMEAT)  and  our  own 


Table  27-11. — Skylab  3,  metabolic  changes  in  red  cells,  preflight  and  in-flight 


Determination  ^ 

Pre  flight 

In-flight 

Controls 
mean  ± 1 SB 

Astronauts 
mean  ± 1 SD 

Controls 
mean  ± 1 SD 

Astronauts 
mean  ± 1 SD 

Sig. 

GSH  (mg  %) 

167.0 

±20.0 

163.0 

±21.0 

119.0 

±74.0 

121.0 

±50.0 

ATP  (jiM/g  Hb) 

5.9 

± 0.9 

5.9 

± 0.5 

5.3 

± 0.9 

5.9 

± 0.9 

Lipid  Peroxides 

0 

0 

0 

0 

2,3-DPG  (/iM/g  Hb) 

6.1 

± 2.4 

7.1 

± 1.3 

6.1 

± 3.6 

7.9 

± 4.3 

G6PD  (E^/g  Hb) 

9.1 

± 1.0 

9.6 

± 1.9 

4.7 

± 1.1 

4.3 

± 1.3 

HK  (E/i/g  Hb) 

0.38 

± 0.11 

0.37 

± 0.18 

0.51 

± 0.17 

0.28 

± 0.13 

P<0.005 

PFK  (Eju/g  Hb) 

25.0 

± 2.0 

27.0 

± 1.0 

28.1 

± 9.5 

28.0 

± 3.7 

G3PD  (E^/g  Hb) 

62.0 

±14.0 

61.0 

±14.0 

39.0 

± 9.0 

42.0 

± 5.0 

PGK  (E/i/g  Hb) 

36.0 

± 7.0 

33.0 

± 2.0 

24.6 

± 5.2 

20.1 

± 8.3 

P<0.05 

PK  (Ej,/g  Hb) 

5.2 

± 1.6 

5.9 

± 1.0 

5.1 

± 1.6 

6.5 

± 2.2 

P<0.05 

AChE  (E/x/g  Hb) 

43.0 

± 4.0 

45.0 

± 7.0 

34.0 

±10.0 

27.0 

± 7.0 

P<0.05 

^ These  abbreviations  are  defined  in  Materials  and  Methods. 


Table  27-1 II. — Sky  lab  8,  metabolic  changes  in  red  cells,  postflight 

Sample  Day 


Determination  ^ 

R 4 

0 

R + 1 

R + IJ^ 

R + 0, 

R + 1, 

R + U 

Controls 

Astronauts 

Sig. 

Controls 

Astronauts 

Sig. 

Controls 

Astronauts 

Sig. 

Controls 

Astronauts  Sig. 

GSH  (mg  %) 

70.0  ± 6.0 

37.0 

±13.0 

P<0.01 

104.0  ± 

3.0 

64.0  ±10.0 

P<0.01 

181.0  ±56.0 

183.0  ±12.0 

118.0  ±56.0 

94.0  ±64.0 

ATP  (fiM/g  Hb) 

4.3  ± 0.8 

6.1 

± 

0.4 

P<0.01 

4.3  ± 

6.0 

5.4  ± 

0.3 

P<0.025 

7.0  ± 

0.7 

9.8  ± 

1.4 

P<0.025 

5.21  ± 1.5 

6.6  ± 

1.9 

Lipid  Peroxides 

0 

0 

0 

0 

0 

0 

0 

0 

2,3-DPG  (jiM/g  Hb) 

5.6  ± 1.9 

6.5 

± 

1.8 

8.3  ± 

4.0 

9.1  ± 

1.4 

4.5  ± 

2.0 

4.3  ± 

1.7 

6.1  ± 3.1 

6.8  ± 

2.2 

G6PD  (Eji/g  Hb) 

6.0  ± 1.8 

6.1 

± 

0.6 

5.3  ± 

1.2 

5.5  ± 

1.5 

5.8  ± 

0.5 

7.8  ± 

0.2 

P<0.01 

5.7  ± 1.2 

6.5  ± 

1.3 

HK  (Eji/g  Hb) 

0.49  ± 0.13 

0.67 

± 

0.31 

0.48  ± 

0.11 

0.50  ± 

0.08 

0.38  ± 

0.09 

0.39  ± 

0.03 

0.45  ±0.12 

0.52± 

0.22 

PFK  (Ep/g  Hb) 

35.0  ±13.0 

29.0 

•±_ 

4.0 

27.0  ± 

7.0 

27.0  ± 

6.0 

28.0  ± 

2.0 

32.0  ± 

4.0 

30.0  ±10.0 

29.0  ± 

5.0 

G3PD  (E;i/g  Hb) 

63.0  ± 4.0 

52.0 

± 

6.0 

P<0.05 

69.0  ±20.0 

54.0  ± 

6.0 

45.0  ± 

1.0 

43.0  ± 

5.0 

59.0  ±16.0 

50.0  ± 

7.0 

PGK  (E/i/g  Hb) 

27.0  ±1.0 

19.0 

4.0 

P<0.01 

28.0  ± 

3.0 

28.0  ± 

6.0 

21.0  ± 

3.0 

27.0  ± 

2.0 

P<0.025 

25.0  ± 4.0 

24.0  ± 

6.0 

PK  (Eji/g  Hb) 

6.1  ± 0.8 

7.8 

± 

2.0 

5.5  ± 

0.7 

7.8  ± 

1.2 

P<0.025 

17.0  ± 

2.0 

18.0  ± 

5.0 

9.6  ± 5.0 

11.4  ± 

6.0 

AChE  (Eji/g  Hb) 

33.0  ± 2.0 

29.0 

± 

4.0 

29.0  ± 

3.0 

35.0  ± 

8.0 

29.0  ± 

3.0 

26.0  ± 

3.0 

30.0  ± 3.0 

30.0  ± 

6.0 

^ Those  abbreviations  are  defined  in  Materials  and  Methods. 
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Table  27-IV. — Skylab  metabolic  changes  in  red  cells,  preflight 


Determination  ^ 

Controls 
mean  1 SD 

Astronauts 
mean  1 SD 

Sig, 

Met  Hgb  (%) 

0.9Q±  1.08 

4.22  ± 3.67 

P<0.005 

GSH  (mg  %) 

139.55±28.19 

128.37  ±27.90 

ATP  (/iM/g  Hb) 

7.11±  0.54 

8.29  ± 1.80 

Lipid  Peroxides 

0 

0 

2,3-DPG  (/^M/g  Hb) 

9.24  ± 3.09 

9.18±  4.99 

G6PD  (E'/t/g  Hb) 

7.29±  1.12 

6.84±  1.32 

HK  (Eii/g  Hb) 

0.72±  0.10 

0.73±  0.11 

PFK  (E/i/g  Hb) 

36.04  ± 9.36 

33.80  ± 9.56 

G3PD  (F/i/g  Hb) 

54.57±  8.64 

56.45  ±10.79 

PGK  (Ejti/g  Hb) 

29.74  ± 6.17 

27.76±  3.76 

PK  (Ea/g  Hb) 

10.25  ± 4.24 

10.06±  2.57 

AChE  (E/i/g  Hb) 

54.68  ±10.89 

60.40±  10.04 

ATPase 

11.17±  1.36 

10.35  ± 0.79 

^ These  abbreviations  are  defined  in  Materials  and  Methods. 


Table  27-V. — Skylab  U,  metabolic  changes  in  red  cells,  in-flight 


Determination  ^ 

(Sample  day  l-l) 

(Sample  day  5-8) 

Controls 
mean  ± 1 SD 

Astronauts 
mean  ± 1 SD 

Sig, 

Controls 
mean  ± 1 SD 

Astronauts 
mean  ± 1 SD 

Sig, 

Met  Hgb  (%) 

28.45 

± 5.92 

27.07 

± 6.13 

20.54 

± 8.20 

28.71 

± 3.16 

P<0.005 

GSH  (mg  %) 

107.77 

±38.99 

88.33 

±28.08 

110.09 

±38.92 

100.86 

±25.60 

ATP  (/iM/g  Hb) 

8.34 

± 1.83 

7.64 

± 1.48 

6.69 

± 2.13 

6.52 

± 2.39 

Lipid  Peroxides 

0 

0 

0 

0 

2,3-DPG  (/iM/g  Hb) 

3.47 

± 1.68 

3.35 

± 0.89 

4.15 

± 1.21 

4.22 

± 1.66 

G6PD  {Eji/g  Hb) 

6.42 

± 1.62 

4.80 

± 1.29 

P<0.025 

4.92 

± 1.12 

4.77 

± 0.87 

HK  (Eji/g  Hb) 

0.22 

± 0.10 

0.20 

± 0.09 

0.39 

± 0.09 

0.38 

± 0.07 

PFK  {Eii/g  Hb) 

35.03 

± 7.75 

25.89 

± 6.68 

P<0.01 

26.30 

± 9.73 

24.92 

± 4.58 

G3PD  (Eji/g  Hb) 

55.25 

± 9.31 

49.85 

± 7.02 

63.79 

±17.86 

58.32 

±17.15 

PGK  (Eji/g  Hb) 

14.90 

± 4.10 

15.47 

± 5.52 

18.87 

± 5.58 

18.22 

± 7.79 

PK  {Ejji/g  Hb) 

8.92 

± 3.63 

7.76 

± 2.67 

5.08 

± 1.20 

4.87 

± 1.00 

AChE  (Eji/g  Hb) 

55.62 

± 8.67 

51.06 

± 9.45 

50.48 

± 7.37 

43.73 

± 7.86 

These  abbreviations  are  defined  in  Materials  and  Methods. 


laboratory  (OHP)  studies  using  oxygen  under 
pressure.  It  is  apparent  that  the  most  consistent 
change  noted,  a decrease  of  phosphofructokinase, 
had  been  verified  a number  of  times.  It  is  this  en- 
zyme step  which  is  thought  to  be  at  the  center  of 
the  so-called  Pasteur  effect,  and  which  is  suscepti- 
ble to  the  effects  of  oxygen.  Other  changes  have 
been  less  consistent  and  the  significance  of  all  of 
these  changes  is  not  understood. 


Summary 

In  summary  therefore,  it  is  possible  to  conclude 
that  there  are  no  evidences  of  lipid  peroxidation, 
that  biochemical  effect  known  to  be  associated 
with  irreversible  red  cell  damage,  and  the  changes 
observed  in  glycolytic  intermediates  and  enzymes 
cannot  be  directly  implicated  as  indicating  evi- 
dence of  red  cell  damage. 


Table  27-VI. — Skylab  Uy  metabolic  changes  in  red  cells,  postflight 


Sample  Day 


Determination  ^ 

R-\-0 

R + 1 

R+IU 

R+0,R+1,R  + 14 

Controls 

Astronauts  Sig. 

Controls 

Astrorumts  Sig. 

Controls 

Astronauts  Sig. 

Controls 

Astronauts  Sig. 

Met  Hgb  (%) 

2.96  ± 

2.58 

9.33  ± 

6.62 

7.05  ± 

4.61 

8.04  ± 

4.68 

11.35  ± 3.93 

13.39± 

3.74 

7.12±  5.11 

10.25  ± 5.26 

GSH  (mg  %) 

75.33  ±17.20 

71.42± 

6.87 

70.16±  11.44 

56.61  ±10.12 

78.68±12.11 

90.96  ± 

2.02 

74.69  ±14.26 

72.96±  15.82 

ATP  (/tM/g  Hb) 

6.60  ± 

0.36 

7.68  ± 

1.00 

5.26  ± 

0.22 

6.30  ± 

0.14 

4.47  ± 0.00 

5.63  ± 

0.37 

5.53  ± 0.81 

6.17±  1.23 

Lipid  Peroxides 

0 

0 

0 

0 

0 

0 

0 

0 

2,3-DPG  (/iM/g  Hb) 

5.17± 

1.00 

8.86  ± 

2.49 

3.14± 

0.10 

4.27  ± 

1.46 

2.31  ± 0.32 

2.57  ± 

0.46 

3.54±  1.35 

6.23±  3.14 

G6PD  {Ep/g  Hb) 

7.46  ± 

1.60 

8.85  ± 

1.89 

3.88± 

0.40 

4.81  ± 

1.40 

4.21  ± 0.60 

4.27  ± 

0.97 

5.18±  1.90 

5.97  ± 2.61 

HK  {Ep/g  Hb) 

0.61  ± 

0.20 

0.49  ± 

0.00 

0.21  ± 

0.00 

0.19  ± 

0.00 

0.19  ± 0.00 

0.27  ± 

0.00 

0.34  ± 0.22 

0.32  ± 0.10 

PFK  {Ep/g  Hb) 

38.26  ± 

2.41 

36.64  ± 

7.05 

19.38  ± 

6.10 

16.40  ± 

8.65 

19.31  ±10.01 

18.26  ± 

4.38 

25.65  ±11.11 

23.43±11.07 

G3PD  (E/x/gHb) 

79.14± 

9.64 

82.43  ± 

4.68 

39.27  ± 

6.49 

39.94  ± 

7.13 

46.04  ± 4.52 

42.19  ± 

6.78 

54.81  ±18.74 

64.85±20.40 

PGK  {Ep/g  Hb) 

25.21  ± 

7.63 

24.66  ± 

7.37 

9.80  ± 

1.12 

11.13  ± 

2.91 

9.23  ± 0.83 

11.76± 

2.36 

14.75  ± 8.65 

16.81±  7.81 

PK  (E/x/gHb) 

12.81± 

3.10 

14.01  ± 

0.55 

4.54  ± 

1.46 

4.66  ± 

1.48 

3.81  ± 0.30 

6.14± 

K* 

CO 

A 

o 

b 

cn 

7.08  ± 4.52 

8.27  ± 4.26 

ACHE  {Ep/g  Hb) 

72.22  ± 

8.48 

60.60  ± 

5.41 

28.93  ± 

1.01 

29.65  ± 

3.83 

32.03  ± 2.66 

35.64± 

3.16 

44.39  ±20.38 

41.93  ±14.08 

^ These  abbreviations  are  defined  in  Materials  and  Methods. 
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Table  27-VII. — Sumary  of  EEC  Metabolism  Changes 


Deter- 
minations ^ 

OHP  Studies 

Smeat 

Skylab 

2 

Skylab 

S 

Skylab 

h 

GSH 

i 

ATP 

t 

7 

Lipid  Peroxides 

2,3-DPG 

i 

G6PD 

HK 

t 

i 

PFK 

i 

i 

i 

i 

G3PD 

t 

i 

PGK 

i 

i 

PK 

t 

t 

AChE 

i 

1 These  abbreviations  are  defined  in  Materials  and  Methods. 
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CHAPTER  28 


JV77-  33808 


Hematology  and  Immunology  Studies 

Stephen  L.  Kimzey  “ 


A COORDINATED  SERIES  OF  EXPERIMENTS  (The 
MllO  Experiment  Series)  were  conducted 
in  support  of  the  Skylab  Program  for  the  primary 
purpose  of  evaluating  the  specific  aspects  of  im- 
munologic and  hematologic  system  responses  of 
man  to,  or  alteration  by,  the  space  flight  environ- 
ment. Particular  results  of  two  of  these  experi- 
ment protocols,  “M112-Man’s  Immunity,  in  vitro 
Aspects”  and  “Ml  15-Special  Hematologic  Ef- 
fects,” are  the  subject  of  this  chapter.  The  selec- 
tion of  tests  for  these  experiments  and  others  of 
the  MllO  Series  was  biased  by  the  results  of 
medical  studies  conducted  in  support  of  the  Gem- 
ini and  Apollo  flight  programs.  Data  from  these 
missions  suggested  possible  influences  of  the  space 
flight  environment  on  red  cell  integrity  and  the 
normal  regulation  of  the  circulating  red  cell  mass. 
The  concept  of  rapid  shifts  in  body  fluid  compart- 
ments during  the  transition  between  a normal 
one-g  environment  and  the  weightless  condition 
also  represented  stresses  of  unknown  magnitude 
to  the  body’s  homeostatic  mechanisms.  Results  of 
immunological  studies  from  the  Apollo  Program 
indicated  that  an  acute-phase  protein  response 
might  be  characteristic  of  space  flight.  There  was 
also  concern  relative  to  the  immune  competence 
following  an  extended  period  of  time  in  the  rela- 
tively closed  environment  of  the  Skylab  orbiting 
workshop. 

These  aspects,  plus  the  opportunity  to  investi- 
gate man’s  biochemical  response  to  an  extended 
exposure  to  the  weightless  environment  of  space 
flight,  provided  the  scientific  background  and  im- 
petus for  the  formulation  of  these  medical  studies. 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


Blood  samples  were  collected  by  venipuncture 
from  each  of  the  three  Skylab  crews  and  from 
ground-based  control  subjects  periodically  during 
the  preflight,  in-flight,  and  postflight  phases  of 
each  mission.  The  backup  crews  for  each  mission 
wei*e  also  studied  during  the  preflight  period. 
Depending  upon  the  assay  to  be  conducted,  differ- 
ent anticoagulants  were  used;  however,  all  sam- 
ples were  processed  or  stabilized  within  minutes 
of  collection.  In-flight  samples  were  collected  in 
Na2EDTA  and  immediately  separated  by  centri- 
fugation into  plasma  and  cellular  phases  by  a 
device  especially  designed  for  operation  in  a 
weightless  environment  (app.  A,  sec.  I.e.).  Follow- 
ing separation,  the  in-flight  samples  were  frozen 
at  —20°  C and  stored  onboard  until  recovery, 
whereby  the  specimens  were  then  transferred  to 
the  laboratory  for  analysis.  The  total  volumes  of 
blood  collected  during  each  phase  of  a mission 
are  summarized  in  table  28-1. 

Immunology  Studies 

The  assessment  of  man’s  immunologic  integrity 
was  of  particular  importance  in  evaluating  the 
medical  consequences  of  manned  space  flight.  The 
Skylab  study  was  undertaken  to  monitor  specific 
plasma  proteins  (table  28-11)  prior  to,  during, 
and  immediately  following  the  extended  space 
flight  exposure.  The  primary  objectives  of  this  in- 
vestigation were : 

To  assess  the  status  of  crew  health  prior  to 
launch ; 

To  establish  individual  baseline  data  for  later 
comparisons ; and 

To  detect  possible  aberrations  of  the  immune 
system  as  a result  of  exposure  to  space  flight. 
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Table  28~I. — Skylab  Blood  Sampling  Schedule 


Schedule 


Experiment 

Preflight 

In-Flight 

Postflight 

Days  prior  to  launch 

Days  during  flight 

Days  following  recovery 

Total 

Total 

Total 

21 

20 

14 

7 

1 

ml 

2^ 

4’ 

12 

‘ 19  27 

^ 37 

47 

55 

ml 

0 

1 

3 

7 14 

21 

ml 

M071 — Mineral  Balance 

15 

15 

15 

15 

60 

*0.5 

0.5 

0.5 

0.5  0.5 

0.5 

0.5 

0.5 

4 

15 

15 

15 

15 

60 

M073 — Bioassay  of  Body  Fluids 

25 

25 

25 

25 

100 

*3 

3 

3 

3 3 

3 

3 

3 

24 

25 

25 

25 

25 

100 

Mill — Cytogenetic  studies  of 

1 

1 

1 

1 

4 

1 

1 

1 

1 1 

1 

6 

the  blood 

Ml  12 — Man^s  Immunity  in  vitro 

10 

10 

10 

30 

*0.5 

0.5 

0.5 

0.5  0.5 

0.5 

0.5 

0.5 

4 

10 

10 

10 

30 

Aspects 

M113 — Blood  Volume  and  Red 

15 

2.5 

2.5 

2.5 

2.5 

25 

*2 

2 

2 

2 2 

2 

2 

2 

16 

15 

2.5 

2.5 

2.5  15 

2.5 

40 

Cell  Life  Span 

Ml  14 — Red  Blood  Cell  Metabolism 

10 

10 

10 

30 

*4 

4 

4 

4 4 

4 

4 

4 

32 

10 

10 

10 

30 

Ml  15 — Special  Hematologic 

7 

7 

7 

7 

28 

*1 

1 

1 

1 1 

1 

1 

1 

8 

7 

3.5 

7 

7 3.5 

7 

35 

Effects 

Microbiology/Operational 

20 

*10 

15 

45 

15 

10 

25 

Total 

103 

3.5 

50.5 

79.5 

85.5 

322 

11 

11 

11 

11  11 

11  11 

11 

88 

98 

57 

50.5 

20.5  69.5 

30.5 

326 

1 Sample  days  for  28-day  mission.  A representative  blood  sampling:  schedule  for  the  Skylab  missions.  The  actual  days 

2 Plasma.  and  volumes  varied  slightly  due  to  schedule  changes  in  the  mission  profile  and  to  addi- 

® Hemolysate.  tion  of  some  analyses  on  later  flights. 

* Operational  (Cross-matching). 
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particularly  with  respect  to  its  capacity  to  re- 
spond after  a lengthy  time  in  the  relatively 
closed  environment  of  the  Skylab  Workshop. 

Prior  to  the  Skylab  flights,  the  question  of 
compromise  to  the  immune  system  from  the  lack 
of  exposure  to  multivarient  challenges  was  con- 
sidered a potential  problem. 

Certain  alterations  in  serum  proteins  as  a 
result  of  exposure  to  space  flight  were  a consist- 
ent feature  of  the  immunology  studies  during 
the  Apollo  Program  (refs.  1,  2).  These  consisted 
of  a significant  rise  and  subsequent  decrease  of 
«2-macroglobulin  and  a rise  in  haptoglobin  lev- 
els postflight.  Moderate  increases  in  Complement 
Factor  3 (C3),  ceruloplasmin  and  ^j^l-acid  glyco- 
protein were  also  observed  after  some  missions. 

Analysis  of  proteins  during  Skylab  were  per- 
formed with  EDTA-collected  plasma  instead  of 
serum.  This  change  was  necessary  so  that  pre- 
flight and  postflight  samples  would  be  compar- 
able to  those  collected  during  the  in-flight  phase 
of  the  mission.  A list  of  the  plasma  proteins 
analyzed  during  the  Skylab  flights  is  detailed  in 
table  28-11. 

Plasma  protein  profiles  after  Skylab  2 the 
first  manned  Skylab  Mission  (28  days)  may  be 
summarized  as  follows: 

Total  Proteins  and  Electrophoretic  Patterns. 
No  significant  changes  were  observed. 

Immunoglobulins.  No  significant  changes  were 

Table  28-11. — Plasma  Proteins  Assayed 

Total  Proteins 
Albumin 
a2-Globulin 
Gamma  Globulin 

Immunoglobulins  (IgG,’IgA,  IgM,  IgD,  IgE) 

Prealbumin 

Haptoglobin 

Hemopexin 

Transferrin 

Ceruloplasmin 

al-Antitrypsin 

Inter-«-Trypsin  Inhibitor 

al-Antichymotrypsin 

a2-Macroglobulin 

Complement  Factors  3 and  4 

al-Acid  Glycoprotein 

C— Esterase  Inhibitor 

Lysozyme 

C-Reactive  Protein 


observed,  although  the  Pilot  had  high  IgA 
levels  throughout  the  study. 

Protease  Inhibitors.  No  significant  changes 
were  observed. 

Complement  Factors.  There  was  a slight  de- 
crease in  C3  immediately  postflight  in  all 
three  crewmen.  By  13  days  postflight  all 
values  were  within  the  preflight  normal  levels. 

Other  Proteins.  The  Scientist  Pilot  and  Pilot 
had  increased  levels  of  lysozyme  postflight 
that  were  still  elevated  by  13  days  postflight. 

The  protein  aberrations  noted  during  the  Apollo 
Program  were  not  evident  in  this  mission  nor  the 
two  subsequent  manned  Skylab  flights  (Skylab  3 
and  Skylab  4)  ; in  addition,  there  were  no  signifi- 
cant modifications  in  any  of  the  plasma  proteins 
during  the  59-day  Skylab  3 or  84-day  Skylab  4 
missions.  Thus,  there  were  no  indications  of  a 
response  of  the  humoral  immune  system  to  the 
conditions  of  weightless  flight  characteristic  of 
Skylab  nor  of  changes  in  the  system’s  capacity  to 
respond  to  a foreign  challenge.  It  can  only  be 
speculated  that  the  increased  amount  of  physical 
exercise  during  Skylab  3 and  particularly  Skylab 
4 may  have  resulted  in  a prevention  of  these  alter- 
ations of  serum  protein  profiles,  in  spite  of  the 
extended  time  periods  of  these  missions. 

In  the  Skylab  2 astronauts,  the  observed  slight 
decrease  of  C3  and  increase  of  serum  lysozyme 
levels  cannot  be  fully  explained  at  present.  These 
changes  may,  however,  also  be  related  to  the  «2- 
macroglobulin  changes,  since  a secondary  relation- 
ship may  exist.  Recruitment  of  the  classical  com- 
plement sequence  by  plasmin  activation  of  Cl  to 
C3  (ref.  3)  leads  to  the  initiation  of  the  terminal 
complement  amplification  mechanism  by  plasmin- 
cleavage  of  C3  (ref.  4)  and  release  of  lysosomal 
enzymes  from  polymorphonuclear  leukocytes. 
Goldstein,  et  al.,  (ref.  5)  have  demonstrated  that 
complement  activated  via  the  alternate  pathway 
interacts  with  human  polymorphonuclear  leuko- 
cytes (PMN)  in  the  absence  of  particulates  and 
stimulates  the  selective  release  of  lysosomal  en- 
zymes. ‘'Levels  of  C3  proactivate  . . . correlated 
inversely  with  and  perturbs  the  PMN  plasma  mem- 
branes sufficiently  to  cause  lysosomal  membrane 
perturbation,  fusion,  and  ultimately  lysosomal  en- 
zyme extrusion  by  a process  of  reverse  endocyto- 
sis.” 
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The  functional  capacity  of  the  cellular  immune 
system  was  evaluated  based  upon  the  ability  of 
purified  lymphocyte  cultures  to  undergo  blastoid 
transformation  in  response  to  an  in  vitro  mitogenic 
challenge.  The  agent  used  was  phytohemagglutinin 
(PHA).  The  ribonucleic  acid  (RNA)  synthesis 
rate  after  24  hours  in  culture  and  the  deoxyribo- 
nucleic acid  (DNA)  synthesis  rate  after  72  hours 
were  determined  from  the  uptake  of  ^H-uridine 
and  ^H-thymidine,  respectively.  Techniques  util- 
ized for  these  studies  on  Skylab  astronauts  and 
their  controls  were  exactly  the  same  as  those  used 
for  the  studies  on  the  Apollo  astronauts  and  the 
SMEAT  control  persons,  except  for  one  aspect:  10 
percent  normal  human  AB  serum  in  TC-199  was 
employed  instead  of  the  10  percent  fetal  calf  serum 


in  TC-199,  since  homologous  AB  serum,  in  gen- 
eral, eliminates  possible  nonspecific  stimulation  of 
human  lymphocytes  by  calf  serum  proteins.  Five 
percent  of  CO2  in  air  was  used  to  maintain  pH 
values  of  the  culture  media  throughout  the  culture 
periods.  In  addition  to  studies  of  the  in  vitro 
lymphocyte  responsiveness  to  PHA,  two  more  tests 
were  added  for  the  evaluation  of  thymus- 
dependent  lymphocyte  (T-cell)  functions,  i.e., 
mixed  lymphocyte  cultures  using  a technique  de- 
scribed by  Bach  and  Voynow  (ref.  6)  and  rosette 
formation  of  lymphocytes  with  sheep  erythrocytes 
(E-  or  T-rosette). 

The  results  of  these  lymphocyte  studies  are 
shown  in  figures  28-la,  b,  c;  28-2a,  b,  c.  These  re- 
sults indicate  that  the  PHA  responsiveness  of 
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Figure  28-la. — RNA  synthesis  rates  in  lymphocytes,  cultured  with  and  without  PHA, 
obtained  from  the  Skylab  crews  and  control  groups.  The  cells  were  pulsed  with 
'^H-uridine  at  23  h and  harvested  at  24  h after  initiation  of  the  cultures. 
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lymphocytes  remained  normal  under  a ground 
based  simulation  of  the  Skylab  environment 
(SMEAT),  but  decreased  markedly  in  most  Sky- 
lab  astronauts  on  the  day  of  recovery.  This  find- 
ing, characteristic  of  all  three  missions,  did  not 
appear  to  be  related  to  the  duration  of  the  flight. 
The  capacity  of  the  lymphocytes  to  respond  to 
PHA  was  recovered  rapidly,  and  by  3 to  7 days 
postflight  was  within  the  established  preflight 
limits. 

Because  of  these  changes,  additional  studies 
were  conducted  on  the  Skylab  4 mission  to  measure 
the  response  of  the  cells  in  a mixed  lymphocyte 
culture  and  to  quantitate  the  B-  and  T-lymphocyte 
distribution  preflight  and  postflight.  In  contrast 
to  the  changes  in  PHA  responsiveness,  the  Skylab 


4 crew’s  lymphocytes  showed  normal  mixed  lym- 
phocyte culture  response  patterns  on  the  day  of 
recovery.  Thus,  although  one  index  of  T-cell  func- 
tion, PHA-responsiveness,  decreased  temporarily 
after  space  flight,  another  measure  of  T-cell  func- 
tion, the  mixed  lymphocyte  culture  response, 
showed  no  significant  change.  There  was  a reduc- 
tion in  the  number  of  circulating  T-cells  on  re- 
covery day,  as  determined  by  the  E-rosette 
procedure,  with  a return  to  normal  levels  by  day 
3 postflight.  Interpretation  of  the  response  of  the 
cellular  immune  system  to  space  flight  is  further 
complicated  by  a transient  elevation  in  the  number 
of  B-cells  on  day  1 postflight,  with  a rapid  return 
to  normal  levels  by  day  3 postflight. 

Lymphoc3d:es  from  the  crew  of  Skylab  4 were 
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Figure  28— lb. — RNA  synthesis  rates  in  lymphocytes,  cultured  with  and  without  PHA, 
obtained  from  the  Skylab  crews  and  control  groups.  The  cells  were  pulsed  with 
'H-uridine  at  23  li  and  harvested  at  24  li  after  initiation  of  the  cultures. 
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Figure  28-lc. — RNA  synthesis  rates  in  lymphocytes,  cultured  with  and  without  PHA, 
obtained  from  the  Skylab  crews  and  control  groups.  The  cells  were  pulsed  with 
‘H-uridine  at  23  h and  harvested  at  24  h after  initiation  of  the  cultures. 


also  examined  by  scanning  electron  microscopy, 
and  classified  relative  to  the  density  and  length  of 
the  surface  microvilli.  It  has  been  recently  pro- 
posed that  B-  and  T-lymphocytes  could  be  identi- 
fied by  the  degree  of  microvilli  present  on  their 
surface  when  fixed  for  electron  microscopy  (ref. 
7).  Examples  of  the  differences  in  lymphocyte 
surface  features  may  be  seen  in  figures  28-3a,  b, 
c.  More  recently,  the  classification  of  lymphocytes 
as  B-  or  T-cells  by  this  method  has  not  withstood 
the  test  of  time  and  further  investigation.  It  is 
probable  that  the  density  and  extent  of  the  micro- 
villious  network  is  related  to  the  state  of  activity 
of  the  cell  at  the  time  of  fixation.  Thus  smooth 
T-cells  develop  extensive  microvilli  when  exposed 
to  sheep  erythrocytes  during  the  E-rosette  proce- 


dure (ref.  8),  and  these  microvilli  might  be  the 
points  of  attachment  of  the  red  cells  to  the  lym- 
phocyte (ref.  9) . At  any  rate,  examination  of  thou- 
sands of  lymphocytes  from  the  crew  preflight  and 
postflight  indicated  no  significant  difference  in  the 
percentages  of  smooth,  intermediate,  or  hairy  cells. 

The  effects  of  certain  endogenous  factors,  such 
as  corticosteroids  and  catecholamines,  upon  lym- 
phocyte functions  require  elucidation.  It  has  been 
shown  that  the  intravenous  injection  of  large  dos- 
ages of  hydrocortisone  in  healthy  adults  results 
in  decreased  in  vitro  lymphocyte  responses  to  vari- 
ous mitogens  (ref.  10).  It  has  been  shown  that 
steroids  (e.g.,  prednisone)  depress  both  the  circu- 
lating B-  and  T-lymphocytes  numerically  and  func- 
tionally. Depressed  functions  of  B-lymphocytes  are 
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Figure  28-2a. — DNA  synthesis  rates  in  lymphocytes,  cultured  with  and  without  PHA, 
obtained  from  the  Skylab  crews  and  control  groups.  The  cells  were  pulsed  with 
%thymidine  at  71  h and  harvested  at  72  h after  initiation  of  the  cultures. 


reflected  by  a fall  in  serum  immunoglobulin  levels, 
and  those  of  T-lymphocytes,  by  a reduced  PHA- 
response.  The  effects  of  corticosteroids  are  rapidly 
expressed  and  abate  equally  rapidly  with  cessa- 
tion of  the  drug. 

In  contrast  to  corticosteroids,  adrenal  medullary 
hormones,  such  as  epinephrine  and  norepineph- 
rine, chemically  defined  as  catecholamines,  stimu- 
late adenyl  cyclase  activity  in  murine  (ref.  11) 
and  human  lymphocytes  (ref.  12).  Such  stimula- 
tory effects  of  catecholamines  are  probably  jS- 
adrenergic  in  nature  (ref.  11).  Since  the  elevation 
of  adenyl  cyclase  activity,  followed  by  increased 
levels  of  cyclic  adenosine  monophosphate,  is  one 
of  the  earliest  biochemical  changes  in  lymphoc5d;es 
following  stimulation  by  mitogens  and  antigens 


(ref.  13),  these  /J-adrenergic  effects  of  adrenal 
medullary  hormones  may  affect  both  the  in  vivo 
and  in  vitro  functions  of  lymphocytes,  and  may 
have  direct  bearing  on  the  mechanisms  of  tem- 
porarily altered  lymphocyte  functions  associated 
with  manned  space  flights. 

The  absolute  white  cell  count  was  typically  ele- 
vated at  recovery  (figs.  28-4a,  b,  c;  tables  28-III, 
28-IV,  28-V),  but  rapidly  returned  to  preflight 
levels.  Differential  counts  indicated  that  this  eleva- 
tion was  due  to  an  absolute  increase  in  the  number 
of  neutrophils  with  the  lymphoc3d:e  absolute  count 
not  changing  significantly.  These  results  are  con- 
sistent with  the  high  cortisol  levels  measured  in 
the  crews  at  recovery  (ch.  23). 

The  medical  significance  of  these  changes  in  the 
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Figure  28-2b. — DNA  synthesis  rales  in  lymphocytes,  cultured  with  and  without  PHA, 
obtained  from  the  Skylab  crews  and  control  groups.  The  cells  were  pulsed  with 
•^H-thyniidine  at  71  h and  harvested  at  72  h after  initiation  of  the  cultures. 


cellular  immune  system  is  not  clear  at  this  time.  It 
is  difficult  to  predict  what  a reduced  PHA  respon- 
siveness, associated  with  a reduced  number  of  T- 
cells,  of  this  magnitude  and  short  duration  means 
with  respect  to  the  immune  competence  of  the  re- 
turning crews.  The  Skylab  crews  were  maintained 
in  isolation  for  7 days  postflight;  thus,  their 
potential  for  contact  with  infectious  agents  during 
that  time  was  significantly  reduced.  The  exact 
cause  and  impact  of  the  reduced  lymphocyte  re- 
sponsiveness needs  clarification  for  planning  the 
postflight  activities  of  future  space  flight  crews. 

Hematology  Studies 

Measurements  of  hemoconcentration  parame- 
ters, red  blood  cell  count,  hemoglobin  concentra- 


tion, and  hematocrit,  were  complicated  during  the 
postflight  period  by  rapid  changes  in  plasma  vol- 
ume and  more  gradual  recovery  of  the  reduced  red 
cell  mass.  There  were  also  differences  between 
Skylab  2 and  the  two  longer  missions,  presumably 
because  of  the  varying  rates  of  recovery  of  the 
phases  of  the  vascular  volume. 

The  red  cell  count,  hemoglobin  concentration 
and  hematocrit  were  below  preflight  levels  in  all 
three  crewmen  immediately  following  the  Skylab 
2 flights.  The  red  cell  count  showed  a gradual  re- 
covery by  days  4 to  7 postflight,  but  the  hematocrit 
and  hemoglobin  concentration  were  below  preflight 
levels  during  the  18-day  postflight  period  (figs. 
28-5a,  b,  c) . The  mean  corpuscular  volume  (MCV) 
showed  an  elevation  on  recovery  and  the  day  after 
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Figure  2ft-2c. — DNA  synthesis  rates  in  lymphocytes,  cultured  with  and  without  PHA, 
obtained  from  the  Skylab  crews  and  control  groups.  The  cells  were  pulsed  with 
^H-thyniidine  at  71  h and  harvested  at  72  h after  initiation  of  the  cultures. 


recovery  as  would  be  predicted  based  upon  the  red 
cell  count  and  hematocrit  data  for  those  examina- 
tions. By  day  4 postflight  the  MCV  was  slightly 
reduced  in  all  three  crewmen  below  the  preflight 
mean.  However,  this  depression  was  not  statisti- 
cally significant.  The  mean  corpuscular  hemoglobin 
(MCH)  and  mean  corpuscular  hemoglobin  con- 
centration were  slightly  elevated  on  recovery  and 
the  day  after  recovery  day  tests  but  showed  no 
significant  change  from  preflight  baseline  levels 
during  the  postflight  period. 

The  59-day  and  84-day  flights  were  similar  with 
respect  to  the  response  of  the  red  cell  count  and 
associated  measurements,  and  both  were  somewhat 
different  than  the  data  from  Skylab  2.  The  red  cell 
count,  hemoglobin  concentration,  and  hematocrit 


were  elevated  on  recovery  as  compared  to  preflight 
levels  (figs.  28-6a,  b,  c),  but  began  to  decline  by 
day  1 postflight  and  by  day  3 postflight  were 
significantly  lower  than  preflight  values.  In  both 
missions,  these  hemoconcentration-dependent  pa- 
rameters gradually  returned  to  within  preflight 
limits  during  the  3-week  postflight  examination 
period.  Red  cell  indicies  (MCV,  MCH,  and 
MCHC)  showed  considerable  variation  postflight, 
but  none  significantly  out  of  the  established  pre- 
flight limits. 

The  differences  and  similaritifes  between  the 
thi’ee  missions  with  respect  to  changes  in  the  fluid 
and  cellular  compartments  during  the  immediate 
postflight  period  are  evident  from  the  data  on 
hemoglobin  (table  28-VI).  The  hemoglobin  con- 
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centration  following  Skylab  2 was  decreased 
slightly  ( — 6.1  percent)  on  recoveiy  and  changed 
very  little  by  day  3 postflight  ( — 7.5  percent)  com- 
pared to  the  preflight  values.  The  hemoglobin  con- 
centration in  the  crews  of  Skylab  3 and  Skylab  4 
were,  in  contrast,  elevated  on  recovery  (4.2  per- 
cent). By  day  3 postflight  the  values  had  declined 
by  15.4  percent  compared  to  recovery  and  11.9 
percent  relative  to  the  preflight  mean.  These  re- 
sults are  most  likely  due  to  plasma  volume  shifts, 
but  may  have  a bearing  on  the  recovery  kinetics 
of  the  red  cell  mass  during  the  immediate  post- 
flight period. 

If  the  red  cell  mass  loss  data  during  the  three 
missions  are  considered  as  a composite,  a time- 
relationship  between  the  red  cell  mass  change  (in 
percent)  and  days  following  launch  becomes  ap- 
parent (fig.  28-7).  These  results  suggest  that  fol- 
lowing some  initial  insult  during  the  first  2 or  3 
weeks  of  flight,  the  red  cell  mass  begins  to  recover, 
after  a refractory  period,  at  about  day  60.  An  in- 
teresting point  from  these  data  is  that  the  initia- 
tion of  recovery  would  appear  to  be  independent  of 
the  presence,  or  absence,  of  gravity.  The  2-week 
period  of  no  recovery  following  Skylab  2 could, 
in  part,  be  related  to  the  somewhat  normal  concen- 
trations of  circulating  hemoglobin  during  that 
time.  The  crews  of  Skylab  3 and  Skylab  4,  which 
began  to  make  up  their  red  cell  mass  deficit  almost 
immediately,  had  hemoglobin  concentration  values, 
during  this  time  period,  that  were  lower  than  their 
preflight  mean  levels. 

Additional  data  from  in-flight  hemoglobin  meas- 
urements would  lend  support  to  this  hypothesis. 
Hemoglobin  concentrations  were  measured  in- 
flight using  a hemoglobinometer  in  conjunction 
with  each  in-flight  blood  draw  on  the  second  and 
third  mission.  Duplicate  measurements  of  the  he- 
moglobin concentration  in  the  hemolysate  of  each 
of  the  returned  frozen  in-flight  blood  samples  were 
made  postflight  using  the  cyamethemoglobin  pro- 
cedure. The  whole  blood  hemoglobin  concentrations 
in  these  samples  were  calculated  using  the  relative 
volumes  of  the  plasma  and  cellular  compartments 
and  the  following  equation: 

HB  = HB(READ)XHVOL/(HVOL  + PVOL) 

where  HVOL  is  the  volume  of  the  hemolysate  re- 
turned in  the  automatic  sample  processor  (ASP). 


PVOL  is  the  volume  of  plasma  in  the  plasma  car- 
tridge (PC)  and  HB  (READ)  is  the  hemoglobin 
concentration  of  the  hemolysate.  HVOL  and  PVOL 
were  calculated  from  gravimetric  measurements 
of  the  ASP  and  PC  contents.  The  specific  gravity 
of  the  hemolysate  was  assumed  to  be  1.09  and  that 
of  the  plasma  1.03. 

Because  of  the  conditions  under  which  the  in- 
flight samples  were  assayed  and  the  procedure 
used,  and  because  of  the  calculations  and  assump- 
tions required  to  determine  the  hemoglobin  con- 
centrations in  the  returned  samples,  the  precision 
of  the  values  associated  with  the  in-flight  blood 
samples  is  less  than  that  of  preflight  and  postflight 
determinations. 

The  ground-based  laboratory  measurements 
were  generally  lower  than  in-flight  determinations, 
particularly  on  the  second  mission  (figs.  28-8a,  b, 
c;  28-9a,  b,  c) . 

The  reason  for  this  difference  is  not  known  at 
this  time.  Postflight  comparisons  of  the  Skylab 
3 Scientist  Pilot's  hemoglobin  readings  using  the 
flight  hemoglobinometer  with  laboratory  measure- 


Ficure  28— 3a. — Scanning  electron  micrographs  of  lympho- 
cytes illustrating  the  varying  degrees  of  microvilli  present 
on  the  surfaces  of  the  cells. 
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ments  of  the  same  blood  samples  (crew  and  stan- 
dards) at  day  3 postflight  indicate  no  significant 
difference.  There  was  relative  agreement  between 
plasma  volume  measurements  and  the  trend  of  the 
hemoglobin  concentrations  in-flight.  Consistent  in 
all  the  in-flight  hemoglobin  determinations  was  an 
elevated  value  in  the  first  in-flight  sample,  pre- 
sumably due  to  a loss  of  plasma  volume,  and  a 
gradual  reduction  in  the  hemoglobin  concentra- 
tions as  the  mission  progressed. 

If  the  relative  hemoglobin  concentrations,  cal- 
culated as  percent  of  the  preflight  mean  and 
averaged  for  each  crew,  are  examined,  a down- 
ward trend  with  time  is  evident  (fig.  28-10).  It  is 
perhaps  significant  to  note  that  the  in-flight  he- 
moglobin level  drops  below  the  preflight  mean 
(100  percent)  only  after  day  60,  about  the  same 
time  that  the  recovery  of  the  red  cell  mass  is 
initiated  (fig.  28-7).  Thus,  if  the  concentration  of 
hemoglobin  is  a significant  factor  in  stimulating 
erymropoiesis,  it  is  perhaps  significant  that  during 
the  first  60  days  in-flight  the  hemoglobin  is  above 
its  preflight  level.  This  concept  could  then  explain 


Figure  28-3b. — Scanning  electron  micrographs  of  lympho- 
cytes illustrating  the  varying  degrees  of  microvilli  present 
on  the  surfaces  of  the  cells. 


the  delayed  recovery  of  red  cell  mass  in  the  Skylab 
2 crew  after  recovery.  These  data  are  not  con- 
clusive evidence  of  the  mechanism  by  which  the 
erythropoietic  processes  fail  to  compensate  for 
reduced  levels  of  circulating  red  cells,  but  do  offer 
possibilities  for  a contributing  factor,  and  do  pro- 
vide information  relative  to  plasma  volume  shifts 
during  and  immediately  following  exposure  to 
weightlessness.  The  kidneys  use  both  changes  in 
hemoglobin  concentration  and  oxygen  delivery  to 
modulate  erythropoietin  release.  Thus,  the  de- 
creased red  cell  masses  of  the  Skylab  crewmem- 
bers might  not  be  followed  by  compensatory  in- 
creases in  erythropoietin  until  the  plasma  volume 
increased.  Without  increased  erythropoietin,  bone 
marrow  activity  would  not  increase  and  would 
appear  inhibited  until  a new  equilibrium  was 
reached. 

Red  cells  were  examined  for  changes  in  their 
specific  gravity  profile  using  the  procedure  de- 
scribed by  Danon  and  Marikovsky  (ref.  14).  A 
series  of  phthalate  estei’s  of  varying  concentra- 
tions were  utilized  to  separate  each  red  cell  popu- 


Figure  28-3c. — Scanning  electron  micrographs  of  lympho- 
cytes illustrating  the  varying  degrees  of  microvilli  present 
on  the  surfaces  of  the  cells. 
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Figure  28— 4a. — The  white  cell,  neutrophil,  and  lymphocyte  counts  of  the  Skylab  3 crew 
during  the  preflight  and  postflight  examination  periods. 
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Figure  28— 4b. — The  white  cell,  neutrophil,  and  lymphocyte  counts  of  the  Skylab  3 crew 
during  the  preflight  and  postflight  examination  periods. 
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Figure  28-4c. — The  white  cell,  neutrophil,  and  lymphocyte  counts  of  the  Skylab  3 crew 
during  the  preflighl  and  postflight  examination  periods. 


Table  28-III. — Skylab  2/ Hematology  Summary  Data 


Cretoman 

Parameter 

Prefiight 
mean  ± SD 

Day  postflight 

R+O 

R-{- 1 

R-^4 

R+7 

R+JS 

Commander 

RBC 

4.91 

± 0.25 

4.20 

4.44 

4.84 

4.81 

4.61 

RETIC 

0.76 

± 0.05 

0.40 

0.40 

0.50 

0.60 

0.60 

HB 

14.04 

± 0.59 

13.00 

13.80 

13.10 

13.20 

12.90 

HCT 

43.90 

± 0.96 

40.00 

43.00 

40.50 

41.00 

40.00 

WBC 

7020. 

± 590. 

6800. 

7600. 

6500. 

6700. 

6000. 

NEUT 

3010. 

± 350. 

3880. 

4480. 

2290. 

2880. 

3300. 

LYMPH 

3490. 

± 350. 

2788. 

3040. 

2860. 

3350. 

2400. 

Scientist 

RBC 

4.50 

± 0.34 

3.79 

4.05 

4.29 

4.35 

4.25 

Pilot 

RETIC 

0.82 

± 0.08 

0.50 

0.60 

0.70 

0.70 

0.90 

HB 

14.40 

± 0.59 

13.50 

14.60 

13.20 

13.50 

13.30 

HCT 

42.30 

± 1.25 

37.50 

42.00 

37.50 

39.00 

38.50 

WBC 

5480. 

±1150. 

6300. 

6300. 

5000. 

4800. 

3900. 

NEUT 

2660. 

± 440. 

3840. 

3280. 

2350. 

2110. 

2070. 

LYMPH 

2420. 

± 770. 

2020. 

2580. 

2300. 

2300. 

1640. 

Pilot 

RBC 

4.66 

± 0.17 

3.93 

3.90 

4.58 

4.45 

4.18 

RETIC 

0.58 

± 0.04 

0.20 

0.30 

0.30 

0.50 

0.50 

HB 

14.30 

± 0.44 

13.60 

13.50 

13.20 

13.50 

12.70 

HCT 

42.30 

± 1.35 

39.00 

40.00 

39.50 

40.00 

37.00 

WBC 

5020. 

± 950. 

6700. 

6000. 

5600. 

5800. 

3800. 

NEUT 

2800. 

± 300. 

5630. 

3660. 

3800. 

3600. 

2200. 

LYMPH 

1750. 

± 620. 

1010. 

2280. 

1510. 

1800. 

1400. 
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Table  28— IV. — Skylah  3 /Hematology  Summary  Data 


Crewman 

Parameter 

Preflight 
mean  ± SD 

Day  postflight 

R-\-0 

R-\-l 

R+3 

R + 7 

R+H 

Commander 

RBC 

4.55 

± 0.28 

4.92 

4.61 

4.20 

4.23 

4.75 

RETIC 

0.70 

± 0.19 

0.50 

0.70 

1.00 

0.80 

HB 

13.95 

± 0.87 

15.30 

14.60 

12.50 

12.20 

12.70 

HCT 

41.90 

± 2.30 

44.50 

43.00 

39.00 

38.00 

38.50 

WBC 

5770. 

± 970. 

9700. 

7300. 

5800. 

7100. 

5000. 

NEUT 

3030. 

± 650. 

7370. 

4230. 

2900. 

4260. 

2750. 

LYMPH 

2470. 

± 730. 

1750. 

3060. 

2730. 

2700. 

2050. 

Scientist 

RBC 

4.41 

± 0.12 

4.21 

3.95 

3.40 

3.93 

3.86 

Pilot 

RETIC 

0.75 

± 0.17 

0.50 

0.70 

1.40 

2.10 

HB 

13.48 

± 0.42 

14.00 

14.10 

11.70 

11.80 

11.60 

HCT 

41.40 

± 0.75 

41.00 

40.00 

34.00 

36.00 

35.50 

WBC 

5400. 

± 880. 

12000. 

9200. 

5500. 

6400. 

5700. 

NEUT 

3300. 

± 780. 

9240. 

6160. 

3300. 

3700. 

3600. 

LYMPH 

1930. 

± 450. 

2040. 

2940. 

1760. 

2500. 

1940. 

Pilot 

RBC 

4.99 

± 0.17 

4.87 

4.64 

4.10 

4.65 

4.67 

RETIC 

0.86 

± 0.19 

0.60 

1.00 

2.20 

2.70 

HB 

15.00 

± 0.70 

15.30 

15.00 

13.00 

13.40 

13.70 

HCT 

44.60 

± 1.60 

44.50 

42.00 

39.00 

40.50 

40.50 

WBC 

4100. 

± 290. 

6500. 

5600. 

4400. 

4600. 

3500. 

NEUT 

2560. 

± 254. 

4420. 

3530. 

2330. 

1770. 

2900. 

LYMPH 

1360. 

± 400. 

2010. 

2010. 

1940. 

1930. 

1770. 

Table  28-V. — Skylab  Hematology  Summary  Data 

Preflight 

Day  postflight 

Crewman 

Parameter 

mean  ± SD 

R-¥0 

R^l 

R+3 

R + 7 

R + U 

Commander 

RBC 

4.76 

± 0.32 

5.13 

4.63 

4.24 

4.41 

4.27 

RETIC 

1.02 

± 0.13 

0.80 

1.00 

0.90 

1.50 

1.80 

HB 

14.60 

± 0.40 

15.00 

14.50 

13.40 

13.30 

13.00 

HCT 

42.80 

± 1.30 

44.00 

43.00 

38.50 

38.50 

38.50 

WBC 

4440. 

± 305. 

6400. 

5400. 

5000. 

5200. 

3400. 

NEUT 

2590. 

± 410. 

4800. 

3290. 

2900. 

2960. 

1970. 

LYMPH 

1510. 

± 200. 

1340. 

1780. 

1700. 

1870. 

1220. 

Scientist 

RBC 

4.58 

± 0.21 

4.72 

4.48 

4.03 

3.96 

4.40 

Pilot 

RETIC 

0.90 

± 0.20 

0.80 

1.00 

1.20 

1.40 

2.00 

HB 

13.30 

± 0.50 

14.00 

12.70 

11.60 

11.00 

12.30 

HCT 

40.30 

± 1.50 

42.00 

40.00 

35.50 

33.50 

37.50 

WBC 

4940. 

± 500. 

10000. 

7500. 

6200. 

4100. 

4400. 

NEUT 

2940. 

± 460. 

8100. 

4880. 

4530. 

2500. 

2950. 

LYMPH 

1720. 

± 300. 

1400. 

2030. 

1360. 

1440. 

1280. 

Pilot 

RBC 

4.57 

± 0.14 

4.42 

4.45 

3.82 

4.24 

4.13 

RETIC 

1.00 

± 0.10 

0.90 

1.50 

0.80 

1.70 

2.00 

HB 

14.60 

± 0.40 

14.90 

13.60 

12.70 

13.70 

13.30 

HCT 

41.50 

± 0.80 

44.00 

41.50 

36.50 

38.00 

38.00 

WBC 

6260. 

±1180. 

13200. 

6500. 

6200. 

5800. 

5200. 

NEUT 

3860. 

±1340. 

11220. 

4550. 

3470. 

3360. 

3070. 

LYMPH 

2090. 

± 290. 

1580. 

1560. 

2170. 

2080. 

1820. 

Hemaglobin,  grams  percent  RBC  count,  million  per  mm- 
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Figure  28— 5a. — The  RBC  count,  hemoglobin  concentration,  and  hematocrit  of  tlic  Skylab 
2 crew  during  the  preflight  and  postfliglit  examination  periods. 
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Figure  28— 5b. — The  RBC  count,  hemoglobin  concentration,  and  hematocrit  of  the  Skylab 
2 crew  during  the  preflight  and  postflight  examination  periods. 
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Figure  28-5c. — The  RBC  count,  hemoglobin  concentration,  and  hematocrit  of  the  Skylab 
2 crew  during  the  preflight  and  postflight  examination  periods. 
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Figure  28— 6a. — The  RBC  count,  hemoglobin  concentration,  and  hematocrit  of  the  Skylab 
3 crews  during  the  preflight  and  postflight  examination  periods. 
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Figure  28-6b. — The  RBC  count,  hemoglobin  concentration,  and  hematocrit  of  the  Skylab 
3 crews  during  the  preflight  and  postflight  examination  periods. 
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Figure  28-6c. — The  RBC  count,  hemoglobin  concentration,  and  hematocrit  of  the  Skylab 
3 crews  during  the  preflight  and  postflight  examination  periods. 
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Table  2S-VI. — Comparison  of  Skylab  Hemoglobin  Changes 


Pre  flight 
mean±SD 

Postfiight 

PRE-R+O 
% change 

PRE-R-\-3 
% change 

R-\r0  — R + 5 
% change 

Crewman 

R + O^ 
(HB) 

R+S 

(HB) 

Skylab  2 

Commander 

14.0±0.6 

13.0 

13.1 

-7.1 

-6.4 

0.8 

Scientist  Pilot 

14.4  ±0.6 

13.5 

13.2 

-6.3 

-8.3 

-2.2 

Pilot 

14.3  ±0.4 

13.6 

13.2 

-4.9 

-7.7 

-2.9 

MEAN 

14.2±0.2 

13.4  ±0.3 

13.2±0.1 

-6.1 

-7.5 

-1.4 

Skylab  3 

Commander 

14.0±0.9 

15.3 

12.5 

9.3 

-10.7 

-18.3 

Scientist  Pilot 

13.5±0.4 

14.0 

11.7 

3.7 

-13.3 

-16.4 

Pilot 

15.0±0.7 

15.3 

13.0 

2.0 

-13.3 

-16.0 

Skylab  U 

Commander 

14.6  ±0.4 

15.0 

13.4 

2.7 

- 8.2 

-10.7 

Scientist  Pilot 

13.3  ±0.5 

14.0 

11.6 

5.3 

-12.8 

-17.1 

Pilot 

14.6±0.4 

14.9 

12.7 

2.1 

-13.0 

-14.8 

MEAN 

14.2±0.7 

14.8±0.6 

12.5±0.7 

4.2  ±2.8 

-11.9±2.1 

-15.4±2.6 

iR  +,  Recovery  + (days). 

lation  into  a density  profile  containing  13  fractions 
with  specific  gravities  ranging  from  1.057  to 
1.136.  There  was  considerable  difference  between 
individual  crewmen  but  little  variation  for  an 
individual  subject.  A consistent  shift  in  the  spe- 
cific gravity  profile  immediately  postflight  toward 


Mission  Skylab  2 A ^ 

duration  Skylab  3 0 

Skylab  4 □ 

Figure  28—7. — The  red  cell  mass,  expressed  as  percent 
change  from  the  preflight  value,  for  the  three  Skylab 
crews  during  the  postflight  period.  Each  point  represents 
the  mean  of  the  three  crewmen,  and  the  vertical  bars 
represent  the  range.  The  solid  line  through  the  points 
after  day  40  was  calculated  by  the  method  of  least 
squares. 


# Laboratory 

Commander  — Hb-meter 


Figure  28— 8a. — In-flight  hemoglobin  values  for  the  Skylab 
3 crew.  The  — — — — — represent  measurements 
made  in-flight  using  a henioglobinometer  (American  Op- 
tical). The  represent  measurements 

made  postflight  on  returned  blood  samples  by  the  method 
described  in  the  text. 
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a population  of  heavier  cells  was  observed.  The 
most  dramatic  changes  were  observed  after  the 
shorter  Skylab  2 flight  (figs.  28~lla,  b,  c).  In  all 
missions  the  changes  were  transient  and  by  day  3 
postflight,  population  distribution  of  the  cells  were 
within  preflight  ranges.  The  possible  reasons  for 
these  shifts  in  specific  gravity  distribution  in  the 
red  cell  population  have  been  discussed  previously 
(ref.  15)  but  the  actual  cause  cannot  be  established 
at  this  time.  However,  because  of  the  rapid  re- 
versal in  distribution  to  within  normal  limits  it 
seems  likely  that  the  change  in  specific  gravity 
profile  is  not  indicative  of  a change  in  the  average 
red  cell  age.  It  would  appear  more  likely  that  the 
change  represents  an  alteration  of  red  cell  mem- 
brane lipid  content,  cell  water  content,  cell  electro- 
lyte concentration,  or  a combination  of  the  three. 

The  ‘'active'’  and  “passive"  components  of  potas- 
sium (K)  influx  into  red  cells  were  determined 
using  a ouabain  inhibition,  ^^’Rb  substitution  tech- 
nique (ref.  16) . There  were  no  significant  changes 
in  either  the  passive  or  active  components  of  po- 


■  Laboratory 

Scientist  Pilot  o— Hb-meter 


Figure  28— 8b. — In-flight  hemoglobin  values  for  the  Skylab 
3 crew.  The  — — — — — represent  measurements 
made  in-flight  using  a hemoglobinonieler  (American  Op- 
tical). The  represent  measurements 

made  postflight  on  returned  blood  samples  by  the  method 
described  in  the  text. 


tassium  influx  following  the  first  Skylab  flight. 
However,  after  Skylab  3 and  Skylab  4 there  were 
significant  elevations  in  the  ouabain-sensitive, 
metabolic-dependent  potassium  influx  in  four  of 
the  six  crewmen.  This  elevation  in  the  metabolic- 
dependent  component  of  potassium  influx  was  not 
excessive  (mean=46  percent).  The  rate  of  accu- 
mulation of  potassium  in  red  cells  has  a measured 
maximum  of  about  4 mEq  per  liter  cells  per  hour. 
The  increase  in  potassium  influx  observed  at  re- 
covery had  returned  to  normal  rates  by  days  3 to 
7 postflight.  This  change  may  be  interpreted  as  a 
response  to  a transient  alteration  in  the  dynamic 
state  of  equilibrium  existing  across  the  cellular 
membrane  with  respect  to  electrolytes  and  water. 
A temporary  reduction  in  cell  water  would  make 
the  cell  heavier  (as  observed  by  their  specific 
gravity  profile)  and  would  also  stimulate  the 
sodium-potassium  (Na-K)  “pump.”  A permanent 
elevation  would  be  suggestive  of  membrane  dam- 
age resulting  in  a more  permeable  cell.  The  os- 
motic fragility  data  indicate  that  the  resistance  of 


A ■ Laboratory 


Figure  28— 8c*. — In-flight  hemoglobin  values  for  the  Skylab 
3 crew.  The  — — — — — represent  measurements 
made  in-flight  using  a hemoglobinometer  (American  Op- 
tical). The  represent  measurements 

made  postflight  on  returned  blood  samples  by  the  method 
described  in  the  text. 
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the  red  cells  to  osmotic  stress  has  not  been  com- 
promised during  the  mission.  The  levels  of  high 
energy  phosphate  components  (ATP  and  2,3- 
DPG)  were  also  unchanged  during  the  flight  (ch. 
27). 

The  potassium  content  of  the  red  cells  (as  meas- 
ured by  flame  photometry)  did  not  change  signifi- 
cantly during  the  mission  in  either  the  light  cell 
fraction  (LCF)  (younger  cells),  heavy  cell  frac- 
tion (HCF)  (older  cells)  or  unseparated  blood 
samples  (UNS)  (table  28-VII).  The  red  cell 
separation  technique  used  was  that  of  Herz  and 
Kaplan  (ref.  17). 

Red  Cell  Shape  Classification 

The  familiar  biconcave  discoid  shape  of  the  ma- 
ture erythrocyte  represents  a unique  structural 
configuration  among  cell  types.  This  peculiar  shape 
is  so  consistent  and  characteristic  of  normal  eryth- 
rocytes that  deviations  from  the  discoid  form  have 
provided  the  bases  for  the  detection  and  diagnosis 
of  a variety  of  congenital  and  acquired  hemolytic 
disorders  (refs.  18, 19,  20,  21,  22,  23).  The  mecha- 


Commander 


Figure  28— 9a. — In-flight  hemoglobin  values  for  the  Skylab 
4 crew.  The  broken  line  represents  measurements  made 
in-flight,  and  the  solid  line  represents  postflight  determi- 
nations on  returned  samples  (see  figs.  28—8  a,  b,  c.) 


Scientist  Pilot 


Figure  28-9b. — In-flight  hemoglobin  values  for  the  Skylab 
4 crew.  The  broken  line  represents  measurements  made 
in-flight,  and  the  solid  line  represents  postflight  determi- 
nations on  returned  samples  (see  figs.  28-8  a,  b,  c.) 


Pilot 


Figure  28— 9c. — In-flight  hemoglobin  values  for  the  Skylab 
4 crew.  The  broken  line  represents  measurements  made 
in-flight,  and  the  solid  line  represents  postflight  determi- 
nations on  returned  samples  (see  figs.  28-8  a,  b,  c.) 
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Figure  2R-10. — A composite  of  the  in-flight  hemoglobin 
values  expressed  as  percent  of  the  preflight  mean.  The 
broken  line  represents  data  from  Skylab  3 and  the  solid 
line  Skylab  4.  Each  point  is  the  mean  of  the  values  from 
the  three  crewmen  on  that  day. 


Commander 


Specific  gravity 

Figure  28— 11a. — Specific  gravity  profiles  of  the  red  cell 
populations  from  the  Skylab  2 crew.  The  shaded  region 
represents  ± 1 standard  deviation  about  the  preflighl 
mean.  The  broken  line  represents  the  specific  gravity 
distribution  at  recovery  (R  + 0). 


Scientist  Pilot 


Specific  gravity 

Figure  28— 11b. — Specific  gravity  profiles  of  the  red  cell 
populations  from  the  Skylab  2 crew.  The  shaded  region 
represents  ± 1 standard  deviation  about  the  preflight 
mean.  The  broken  line  represents  the  specific  gravity 
distribution  at  recovery  (R  + 0). 


Pilot 


Specific  gravity 

Figure  28— 11c. — Specific  gravity  profiles  of  the  red  cell 
populations  from  the  Skylab  2 crew.  The  shaded  region 
represents  ± 1 standard  deviation  about  the  preflight 
mean.  The  broken  line  represents  the  specific  gravity 
distribution  at  recoverv'  (R  + 0). 
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Table  28-VII. — Red  Blood  Cell  Electrolytes  (Skylab  2) 


Commander 

Scientist  Pilot 

Pilot 

Preflight 

Sodium 

9.2± 

1.0 

7.8  ±0.7 

7.9  ± 

0.9 

Potassium 

-UNS 

100.7  ± 

9.8 

99.5  ±1.9 

97.4± 

6.5 

-LCF 

118.8± 

4.5 

116.7±1.7 

120.4± 

4.8 

-HCF 

88.1  ± 

4.4 

81.0  ±1.4 

82.9  ± 

2.3 

Postflight 

Sodium 

7.9  ± 

1.5 

6.9±0.8 

7.1  ± 

0.5 

Potassium 

-UNS 

105.2±11.2 

96.3  ±6.4 

103.2  ± 

3.8 

-LCF 

120.3  ± 

7.9 

116.3±8.7 

120.4  ±10.5 

-HCF 

83.8  ±12.3 

79.7  ±6.0 

85.6± 

3.8 

Preflight  ^ NA 

8.3  ± 

1.0 

(8.7±1.3)" 

Postflight  ^ NA 

7.3  ± 

1.0  (7.7±1.3) 

Preflight  ^ K-UNS 

99.2± 

6.5 

(102.4±6.4) 

Postflight"  K-UNS 

101.6± 

8.1  (102.5±11.0) 

K-LCF 

118.3± 

4.0 

(118.7±8.2) 

K-LCF 

119.0± 

8.5  (119.0±7.0) 

K-HCF 

84.0  ± 

4.1  (86.2±7.2) 

K-HCF 

83.3  ± 

7.3  (87.2 ±10.4) 

1 Values  in  parentheses  represent  those  of  the  control  subjects. 

2 Mean  of  the  three  crewmen. 

Unit,  mE3q /liter  RBC. 


nisms  involved  in  the  maintenance  of  this  bicon- 
cave shape  have  been  of  considerable  interest  to 
physiologists,  chemists,  and  mathematicians  for  a 
number  of  years.  Several  theories  have  been  pro- 
posed to  explain  the  physical  and  chemical  bases  of 
this  configuration  (refs.  24,  25,  26,  27,  28),  but 
as  yet  no  single  explanation  is  acceptable  to  all 
investigators. 

Regardless  of  the  exact  mechanism  by  which 
the  red  cell  maintains  its  “normal”  discoid  shape 
and  regardless  of  the  advantages  or  disadvantages 
of  this  shape  relative  to  the  red  cell  functions  (i.e., 
optimum  gas  exchange,  deformability,  survival), 
it  is  quite  evident  that  a delicate  balance  exists 
between  the  chemical  and  physical  forces  and  the 
metabolic  energy  and  ultrastructual  organization 
of  molecules — all  interacting  to  exert  a complex 
array  of  vectorial  forces  on  the  red  cell  membrane. 
It  is  probable  that  alterations  in  this  balance  of 
forces,  exhibited  by  the  red  cell,  are  responsible  for 
a variety  of  different  morphological  states  ranging 
from  a discocyte  to  a spherocyte  with  many  inter- 
mediate shapes.  This  imbalance  may  be  the  result 
of  an  intrinsic  metabolic  or  structural  defect  of 
the  cell  usually  characterized  by  a hemolytic  ane- 
mia. 

A second  class  of  factors  causing  alteration  in 
the  red  cell  shape  includes  extrinsic  properties  of 


the  plasma  milieu.  This  second  type  of  shape 
change  is  usually  of  a less  severe  nature  and,  pro- 
vided the  cell  is  not  destroyed  by  selective  removal 
in  the  reticuloendothelial  system  (RES)  or  hemo- 
lyzed  due  to  an  imbalance  of  ion  and  water  regula- 
tion, these  changes  are  reversible  if  the  causative 
agent  is  neutralized  or  removed  from  the  plasma. 
The  most  common  and  most  widely  investigated 
type  of  red  cell  shape  change  due  to  extrinsic  fac- 
tors is  the  conversion  of  the  normal  discocyte  to  a 
spiculed  cell,  the  discocyte-echinocyte  transforma- 
tion. Thus,  the  evaluation  of  this  type  of  reversi- 
ble change  in  red  cell  shape  may  not  only  provide 
an  indicator  of  alterations  in  red  cell  functional 
capacity  but  also  may  be  used  to  detect  and  iden- 
tify subtle  changes  in  plasma  constituents  (espe- 
cially those  known  to  have  cytogenic  properties 
relative  to  red  cell  shape) . 

As  one  aspect  of  the  protocol  for  Skylab  Experi- 
ment Ml  15,  Special  Hematologic  Effects,  samples 
of  blood  collected  from  the  crewmen  preflight,  in- 
flight and  postflight  were  critically  examined  by 
light  and  scanning  electron  microscopy  for  altera- 
tions in  the  shape  of  the  red  blood  cells.  This  study 
was  designed  specifically  to  investigate,  detect, 
and  characterize  alterations  in  red  cell  shape 
either  during  or  following  extended  exposure  to 
the  space  environment.  The  following  data  will 
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describe  the  alterations  in  red  cell  shape  observed 
during  the  extended  Skylab  space  flights  and  the 
rapid  reversal  of  these  changes  upon  reentry  to  a 
normal  gravitational  environment.  Possible  causes 
for  these  modiflcations  in  red  cell  shape  will  be 
discussed,  as  will  the  significance  of  these  changes 
to  man’s  functional  capacity  in  space  and  to  other 
observed  hematologic  events. 

Red  blood  cells  from  astronaut  crews  were  proc- 
essed for  scanning  electron  microscopy  (SEM) 
using  the  following  procedures. 

Fixation. — Blood  samples  from  preflight  and 
postflight  medical  examinations  were  collected  in 
heparin;  in-flight  samples  were  taken  in  EDTA. 
Approximately  0.1  ml  of  whole  blood  per  sample 

was  added  to  1.0  ml  0.5  percent  glutaraldehyde, 
pH  7.4,  320  mOsm,  prepared  in  a standard  incuba- 
tion medium.^  Time  in  the  fixative  varied  from  1 
hour  for  preflight  and  postflight  samples  to  1,  2, 
24,  57,  and  81  days  for  in-flight  samples.  No  effect 
was  found  on  cell  morphology  as  a result  of  the 
varying  lengths  of  time  the  red  cells  spent  in  glu- 
taraldehyde. The  fixed  cell  samples  were  washed 
twice  in  a standard  incubation  medium,  pH  7.3, 
300  mOsm,  and  then  twice  in  deionized  water 
prior  to  critical  point  drying. 

Dehydration  and  Critical  Point  Drying. — Each 
red  cell  sample  was  allowed  to  sediment  for  5 min- 
utes from  water  onto  a clean  9X22  mm  glass  cover 
slip  without  air-drying.  The  sample  was  dehy- 
drated to  100  percent  EtOH  by  gently  adding 
graded  EtOH  solutions  dropwise  to  the  water  on 
the  cover  slip.  Three  rinses  were  made  with  each 
solution;  the  third  rinse  was  allowed  to  remain 
on  the  cell  sample  for  5 minutes  prior  to  replace- 
ment with  the  next  solution.  A stepwise  series  of 
20,  50,  75,  90,  and  100  percent  EtOH  solutions 
were  used.  The  EtOH  was  then  replaced  with  50 
percent  amyl  acetate/50  percent  EtOH  and  finally 
100  percent  amyl  acetate.  The  samples  were  criti- 
cal point  dried  from  liquid  carbon  dioxide  using  a 
Denton  critical  point  drying  apparatus. 

Coating. — The  glass  cover  slips  with  the  red  cell 
samples  were  mounted  on  aluminum  studs  using 
double-edge  conductive  tape  and  silver  conducting 

* The  standard  incubation  medium  used  in  these  proce- 
dures consisted  of  10  mM  potassium  chloride,  141  mM 
sodium  chloride,  1.0  mM  magnesium  chloride,  1.3  mM  cal- 
cium chloride,  0.8  mM  sodium  biphosphate,  and  5 mM 
disodium  phosphate. 


paint.  The  samples  were  then  coated  with  approxi- 
mately 300  A gold/palladium  (60  percent/40  per- 
cent) in  an  Edwards  evaporator  equipped  with  a 
rotary/tilt  stage. 

SEM  Examination. — The  red  cell  samples  were 
examined  in  an  ETEC  Autoscan  at  20  kV,  with 
2000  X magnification.  Resolution  of  the  microscope 
under  these  conditions  is  on  the  order  of  200  A. 
Magnification  and  other  instrument  parameters 
were  held  constant  for  all  red  cell  classification. 

Classification. — A quantitative,  differential  clas- 
sification scheme  for  red  cell  shapes  was  developed 
and  tested  by  the  Cellular  Analytical  Laboratory  at 
JSC,  in  ground-based  studies  (SMEAT  and  ground 
control  subjects),  and  in  support  of  the  Apollo  17 

mission,  prior  to  its  implementation  in  the  Skylab 

Program.  The  criteria  for  differentiation  of  cell 
shapes  and  the  terminology  used  are  outlined  in 
table  28-VIII  and  are  comparable  to  those  re- 
cently discussed  at  a workshop  on  red  cell  shape 
at  the  Institute  of  Cell  Pathology,  Hopital  de 
Bicetre,  Paris  (ref.  18). 

This  classification  of  red  cell  morphology  by 
shape  rather  than  by  disease  or  origin  appears  to 
be  desirable  from  the  standpoint  that  similar  or 
identical  shapes  may  arise  from  more  than  one 
type  of  disorder  or  condition.  The  terminology  pro- 
posed by  Bessis  will  be  used  throughout  the  follow- 
ing discussion. 

In  each  red  cell  sample,  from  500  to  1000  red 
cells  were  examined  and  classified  into  one  of  four 
distinct  groups  of  cells.  For  the  third  Skylab  mis- 
sion, this  classification  scheme  was  enlarged  to 
include  two  additional  categories.  Examples  of  the 
types  of  red  cell  shapes  observed  in  the  Skylab 
samples  are  illustrated  in  figures  28-12  through 
28-22. 

Light  Microscopy. — Red  blood  cell  smears  were 
prepared  for  routine  examination  using  standard 
hematological  procedures  with  Wright’s  stain. 

Routine  hematologic  red  cell  smears  prepared 
from  blood  samples  collected  immediately  post- 
flight (within  2 hours  of  splashdown)  and  ex- 
amined by  light  microscopy  (oil-immersion,  lOOOX 
magnification)  were  by  all  standard  criteria  es- 
sentially normal.  There  were  no  obvious  variations 
in  the  size  or  shape  of  the  cells  as  compared  to  pre- 
flight samples.  Cell  edges  were  smooth,  and  the 
cells  were  essentially  normochromic  with  no  evi- 
dence of  cytoplasmic  inclusions.  Quantitative  mi- 
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Table  28- VIII. — Red  Cell  Shape  Classification 

Designation  Characteristic  Comments  Scanning  electron  microscopic  criteria 


Discocyte 

Disc 

Normal  biconcave 
erythrocyte 

Leptocyte 

Thin,  flat 

Flattened  cell 

Codocyte 

Bell 

Bell-shape  erythrocyte 

(appearance  depends  upon 
side  of  cell  uppermost) 

Stomatocjrte 

Single  concavity 

Various  stages  of  cup  shapes 

Knizocyte 

Pinch 

Triconcave  erythrocyte 

Echinocyte 

Spiny 

Various  stages  of  crenation 

Shallow  but  visible  round  depression  in  central  portion  of 
cell 

No  visible  depression  and  no  evidence  of  cell  sphering 
(cell  diameter  normal  or  larger  than  normal). 

Single  concavity  with  extruded  opposite  side  or  flattened 
ring  around  elevated  central  portion  of  cell. 

Swollen  cell  periphery  with  smaller  concavity  or  concav- 
ity flattened  on  one  side,  indicating  the  beginnings  of 
sphering. 

Triconcave  depression  or  cell  with  pinched  area  in  center. 

Deformed  and  angular  cell  periphery  with  spicule  forma- 
tion. 


crospectrophotometric  examination  of  single  cells 
indicated  no  change  in  the  hemoglobin  content,  and 
the  calculated  MCH  and  MCHC  were  also  normal. 
Unfortunately  no  slides  were  prepared  during  the 
in-flight  phase  of  the  missions  for  comparison. 

Quantitative  classification  of  the  red  cell  pop- 
ulation, based  on  variations  in  cell  shape  as  deter- 
mined by  scanning  electron  microscopy,  indicates 
a significant  variation  in  the  distribution  of  cell 
types  during  the  in-flight  portions  of  each  mission 
(flg.  28-23  through  28-25).  During  the  preflight 
phase  80  to  90  percent  of  the  circulating  red  cells 
were  classified  as  discocytes  (mean  = 83.4±10.3). 


Figure  28-12. — Low  power  scanning  electron  micrograph 
of  normal  red  cells  (discocytes). 


but  there  was  considerable  variation  among  indi- 
vidual crewmembers  (range,  60.9  to  92.9  per- 
cent). The  percentage  of  discocytes  in  the  blood 
samples  collected  immediately  postflight  (mean= 
82.7  ±7.9)  was  not  significantly  different  from 
preflight  levels  among  the  crews  as  a group  or 
among  individuals.  The  remaining  15-20  percent 
of  the  nondiscoid  cells  present  during  the  preflight 
control  phase  of  each  mission  consisted  primarily 
of  leptocytes,  stomatocytes,  and  knizocytes  (see 


Figure  28—13. — Higher  power  magnification  of  normal 
discocytes  (D),  a lymphocyte  (L),  and  a platelet  (P). 
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figs.  28-14  to  28-18)  with  the  frequency  of  echino- 
cytes  (fig.  28-19,  28-20)  present  being  less  than 
1 percent. 

During  exposure  of  the  crews  to  the  space  flight 
environment,  the  frequency  of  echinocytes  in- 


Figure  28—14. — stomatocyte. 


Figure  28-16. — A knizocyte  ( pinch ed-cell). 


Figure  28—15. — A stage  III  stomatocyte  (ST)  and  a 
spherocyie  (SP). 


Figure  28—17. — A codocyle. 
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creased  significantly,  and  this  increase  appeared 
to  be  related  to  the  duration  of  each  mission  (fig. 
28-26).  Again,  considerable  individual  variation 
was  evident  (figs.  28-27  through  28-29)  but  the 


Figure  28—18. — A leptocyte. 


Figure  28-19. — Stage  I — Echinocyte  (E)  and  a relatively 
mature  reticulocyte  (R). 


increase  in  the  numbers  of  echinocytes,  expressed 
as  an  average  of  each  crew,  was  statistically  sig- 
nificant after  the  first  sampling  period  of  each 
mission.  The  majority  of  the  echinocytes  present 
in  these  samples  were  of  the  stage  I type  (figs. 
28-19,  28-20h  with  few  progressing  to  stages  II 
or  III  (figs.  28-21,  28-22).  The  first  sample  col- 
lected postflight  (Recovery  + 0 days,  R+0)  was 
prepai’ed  within  2 hours  of  reentry  of  the  space- 
craft. The  number  of  echinocytes  observed  in  this 
sample  represented  less  than  1 percent  of  the 


Figure  28-20. — Stage  I Echinocyte. 


Figure  28-21. — Stage  II  Echinocyte. 
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red  cell  population  and  was,  therefore,  compa- 
rable to  the  preflight  value.  This  rapid  reversal  of 
the  discocyte-echinocyte  transformation  is  signifi- 
cant and  will  be  discussed  in  detail  below. 

The  pattern  of  change  observed  with  respect 
to  increases  in  the  numbers  of  stomatocytes  and 
knizocytes  was  different  from  that  recorded  for 
transformation  to  echinocytic  shapes.  If  the  data 
from  all  three  missions  are  considered  as  a com- 
posite, there  appears  to  be  maximum  increase  prior 
to  mission  day  27  (MD27)  and  a gradual  reduction 
with  continued  time  in-flight  (fig.  28-30).  The 
percentage  of  stomatocytes  and  knizocytes  present 
on  MD82  is  not  significantly  different  from  that 
on  recovery  day  (R-l-0).  It  is  possible  that  these 
altered  cells  underwent  a further  transformation 
to  an  echinocytic  type  later  in  the  mission.  The 
entire  crew  and  particularly  those  individuals  ex- 
hibiting the  greatest  change  in  the  number  of 
echinocytes  (Pilot-3,  Commander-4,  and  Pilot-4) 
did  not  show  a further  reduction  in  their  discocyte 
frequency  after  the  first  in-flight  sample.  (The 
response  of  the  Pilot-4  is  an  exception  and  will 
be  discussed  below.)  The  mean  discocyte  frequency 
in  8 of  the  9 crewmen  was  82.6%  ±10.3%  on 
MD3-4  as  compared  to  81.0%  ±6.8%  on  the  second 


Figure  28-22. — Stage  III  Echinocyte. 


sampling  day  (MD27,  MD58,  or  MD82) . However, 
these  values  may  be  somewhat  misleading  because 
of  the  individual  variation  and  relatively  small 
sample  size. 

The  kinetics  of  the  transformation  from  disco- 
cyte to  leptocyte  demonstrated  even  a third  pat- 


CDR  = Commander 
SPT  = Scientist  Pilot 
PLT  = Pilot 
F = Preflight 
MD  = Mission  day 
R = Recovery 


Echinocytes 


Stomatocytes  + knizocytes 

10  r 


Sampling  period,  day 


Figure  28-23. — Distribution  of  red  cell  shapes  during  the 
first  manned  Skylab  mission  (Skylab  2).  One  red  cell 
sample  from  each  crewmember  was  classified  by  scanning 
electron  microscopy  into  five  categories  of  cell  types. 
Mission  days  4 and  27  represent  blood  samples  taken 
during  the  mission  by  the  crew  4 days  and  27  days  after 
launch.  F— 1 and  R + 0 represent  blood  samples  taken 
from  the  crew  during  the  medical  examination  on  day  1 
preceding  launch,  and  on  recovery. 


Cell  type  in  red  cell  population,  percent 
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tern,  with  only  two  of  the  three  crewmen  of  the 
84-day  mission  (Skylab  4)  showing  a significant 
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Figure  2B— 24. — ^Distribution  of  red  cell  shapes  during  the 
second  manned  Skylab  mission  (Skylab  3).  One  red  cell 
sample  from  each  crewmember  was  classified  by  scanning 
electron  microscopy  into  five  categories  of  cell  types. 
Mission  days  3 and  58  represent  blood  samples  taken 
during  the  mission  by  the  crew  3 and  58  days  after 
launch.  F— 1 and  R + 0 represent  blood  samples  taken 
from  the  crew  during  medical  examinations  on  day  1 
preceding  launch,  and  on  recovery. 


Figure  28—25. — Distribution  of  red  cell  shapes  during  the 
third  manned  Skylab  mission  (Skylab  4).  One  red  cell 
sample  from  each  crewmember  was  classified  by  scanning 
electron  microscopy  into  five  categories  of  cell  types. 
Mission  days  3 and  82  represent  blood  samples  taken  dur- 
ing the  mission  by  the  crew  3 days  and  82  days  after 
launch.  F— 1 and  R + 0 represent  blood  samples  taken 
from  the  crew  during  the  medical  examinations  on  day 
1 preceding  launch,  and  on  recovery. 
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elevation  in  the  frequency  of  this  cell  type  (fig. 
28-31).  Even  among  the  Skylab  4 crew  the  in- 
creased average  frequency  is  due  primarily  to  the 
response  of  the  Pilot-4  (fig.  28-32)  with  the  other 
two  cre^vmen  showing  only  a slight  elevation 
earlier  in  the  mission.  It  should  be  noted  that  the 
Pilot-4  had  a high  percentage  (15.5)  of  leptocytes 
present  during  the  preflight  phase  and  the  lowest 
percentage  (60.9)  of  discocytes  of  the  nine  crew- 
men examined  (figs.  28-23,  28-24,  28-25). 

Attempts  to  compare  the  degree  of  change  in 
red  cell  shape  with  alterations  in  several  plasma 
and  cellular  constituents  (Na,  K,  Ca,  Mg,  Cl,  os- 
molality, ATP,  2,3-DPG)  failed  to  demonstrate  a 
significant  linear  correlation.  This  finding  was  not 
surprising  when  one  considers  the  sparsity  of  data 
values  and  the  inherent  weaknesses  in  the  mathe- 
matical determination  of  linear  correlation  coeffi- 
cients. Unfortunately  data  relative  to  other  plasma 
echinocytogenic  factors  (especially  lecithin  and 
lysolecithin,  cholesterol,  and  free  fatty  acids)  and 
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Skylab  2 


Skylab  3 
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Figure  28—26. — Percent  of  echinocyles  in  crew  red  cell 
samples  during  the  Skylab  missions.  Each  point  repre- 
sents the  average  value  of  the  crew  for  the  mission  and 
sampling  day  indicated.  The  dotted  lines  represent  the 
range  of  values  for  the  three  crewmembers  from  the 
mission  measured  at  that  period. 


their  cellular  concentrations  were  not  available  for 
comparison. 

Similar  studies  were  done  in  support  of  Apollo 
17  and  the  Skylab  Medical  Experiments  Altitude 
Test  (SMEAT)  at  JSC.  There  were  no  significant 
changes  in  red  cell  shape  distributions  during  the 
56-day  SMEAT  study  in  the  three-man  crew  (dis- 
cocyte  mean  for  entire  study  = 85.0%  ±3.9%)  or 
ground-based  control  group  (mean  = 78.9 %± 
4.4%)  either  during  or  immediately  following  the 
exposure  period  (ref.  29).  On  Apollo  17  the  post- 
flight percentage  of  discocytes  (84.0% ±6.5%) 
was  not  significantly  different  from  preflight  crew 
values  (90.4% ±3.6%)  or  those  of  the  control 
group  (preflight  mean  = 87.3%  ±11%,  postflight 
mean  = 90.5%±3.3%).  The  Skylab  ground  con- 
trol group  had  no  changes  during  the  in-flight 
phase  when  fixed  red  cells  were  maintained  exactly 
as  those  prepared  by  the  astronauts. 

The  results  of  this  study  suggest  that  during 
extended  exposure  to  the  space  flight  environment 
significant  alterations  occur  in  the  distribution  of 
red  cell  shapes  in  the  peripheral  circulation.  The 
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Figure  28-27. — Percent  of  echinocytes  in  crew  red  cell 
samples  during  the  first  manned  Skylab  mission  (Skylab 
2).  The  points  for  each  crewmember  are  plotted  as  a 
function  of  time  after  launch.  Sampling  periods  indicated 
are  F-1,  MD4,  MD27,  and  R + 0. 


278 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


most  consistent  change  observed  was  the  discoc3d;e- 
echinocyte  transformation  which  was  readily  re- 
versible following  completion  of  the  mission.  The 
kinetics  and  causes  for  this  type  of  red  cell  shape 
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Figure  28-28. — Percent  of  echinocyles  in  crew  red  cell 
samples  during  the  second  manned  Skylab  mission 
(Skylab  3).  The  points  for  each  crewmember  are  plotted 
as  a function  of  time  after  launch.  Sampling  periods 
indicated  are  F— 1,  MD3,  MD58,  and  R + 0. 
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Figure  28—29. — Percent  of  echinocytes  in  crew  red  cell 
samples  during  the  third  manned  Skylab  mission  (Skylab 
4).  The  points  for  each  crewmember  are  plotted  as  a 
function  of  time  after  launch.  Sampling  periods  indi- 
cated are  F— 1,  MD3,  MD82,  and  R + 0. 


change  have  been  extensively  studied  in  both  in 
vitro  and  in  vivo  systems  (refs.  19,  20,  21,  22,  23, 
30,  31,  32,  33,  34,  35,  36).  The  concept  of  echino- 
cytogenic  plasma,  plasma  capable  of  crenating 
normal  red  cells,  has  been  well  documented  by 
these  investigators.  Various  echinocytogenic  fac- 
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Figure  28-30. — Percent  of  stomatocytes  plus  knizocytes  in 
crew  red  cell  samples  during  the  Skylab  missions.  Each 
point  represents  the  average  value  of  the  crew  for  the 
mission  and  sampling  day  indicated.  The  dotted  lines 
represent  the  range  of  values  for  the  three  crewmembers 
from  the  mission  measured  at  that  period.  The  solid  line 
preceding  the  graph  represents  the  mean  and  standard 
deviation  of  all  crew  samples  for  all  missions  from  the 
medical  examinations  taken  day  1 prior  to  launch. 
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Figure  28—31. — Percent  of  leptocytes  in  crew  red  cell  sam- 
ples during  the  Skylab  missions.  Each  point  represents 
the  average  value  of  the  crew  for  the  mission  and 
sampling  day  indicated.  The  dotted  lines  represent  the 
range  of  values  for  the  three  crewmembers  from  the 
mission  measured  at  that  period. 
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tors  identified  thus  far  are  summarized  in  table 
28-IX.  A detailed  discussion  of  all  of  the  extrin- 
sic, echinocytogenic  agents  identified  in  the 
plasma  is  outside  the  scope  of  this  presentation. 
However,  the  following  points  should  be  empha- 
sized relative  to  the  results  of  this  study  and  the 
body  of  knowledge  existing  relative  to  echino- 
cyte  formation. 
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□ Scientist  Pilot 
^ Pilot 


duration 

Figure  28—32. — Percent  leptocytes  in  crew  red  cell  samples 
during  the  third  manned  Skylab  mission  (Skylab  4). 
The  points  for  each  crewmember  are  plotted  as  a func- 
tion of  time  after  launch.  Sample  periods  indicated  are 
F-1,  MD3,  MD82,  and  R + 0. 


The  characteristics  of  the  echinocyte  formation 
observed  during  the  Skylab  flights  are  comparable 
to  those  of  the  discocyte-echinocyte  transformation 
induced  by  elevation  of  plasma  lecithin,  lysoleci- 
thin,  and/or  free  fatty  acids.  Most  of  the  echino- 
cytes  observed  in  the  Skylab  study  were  of  the 
stage  I type  (fig.  28-20)  suggesting  that  the 
changes  in  the  plasma  echinocytogenic  factors 
were  moderate.  It  has  been  demonstrated  by  Sho- 
het  and  Haley  (ref.  35)  that  only  a small  eleva- 
tion in  the  lysolecithin  content  of  the  red  cell 
membrane  is  sufficient  to  initiate  this  shape 
change.  The  discocyte-echinocyte  transformation 
can  occur  in  seconds  when  echinocytogenic  plasma 
is  added  to  normal  red  cells  (ref.  37).  All  of  the 
red  cell  shape  changes,  regardless  of  the  cell  type 
or  duration  of  the  mission,  were  almost  completely 
reversed  to  the  preflight  levels  by  the  first  post- 
flight sampling  period  (R  + 0).  Thus  the  modifi- 
cations in  cell  shape,  which  in  some  cases  had  oc- 
curred over  a 2-  to  3-month  period,  were  neutral- 
ized within  2 to  3 hours  of  reentry  into  the  normal 
gravitational  environment  of  the  Earth. 

Most  changes  in  red  cell  shape  induced  by  in- 
trinsic factors  and  those  related  to  aged  red  cells 
are  not  readily  reversible.  This  observation  would 
support  the  concept  of  a change  in  one  of  the 
plasma  constituents  and  its  uptake  by  the  cell 
membrane  as  being  the  primary  cause  of  the  shape 
changes. 

The  magnitude  of  the  red  cell  shape  change  was 
not  linearly  correlated  with  any  plasma  constitu- 


Table  28-IX. — Reversible,  Extrinsic  Factors  in  the  Discocyte-Echinocyte 

Transformation 


Fatty  acids: 

Coronary  vasodilators : 

oleate 

dipyridamole 

caprylate 

Food  preservatives; 

Detergents : 

substituted  benzoates 

alkyl  sulfonates 

Weight  reducers; 

Bile  acids 

2,4-dinitorphenol 

Lysolecithin 

Analgesics : 

Hypertonicity 

indomethacin 

Increased  pH 

phenylbutazone 

Alcohols; 

phenopyrazone 

ethanol 

Plant  glucosides,  glycosides  and  derivatives ; 

butanol 

phloridzin 

Sedative; 

phloratin 

barbituates 

tannic  acid 

Diuretics ; 

saponins 

ethacrynic  acid 
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ent  measured  in  the  Skylab  studies.  However, 
lecithin,  lysolecithin,  free  fatty  acids,  and  albumin 
(significant  to  the  clearance  of  free  fatty  acids) 
were  not  measured  in  either  the  in-flight  plasma 
or  red  cell  samples.  It  has  been  shown  that  it  is 
the  accumulation  of  the  plasma  echinocytogenic 
agent  by  the  cell  membrane  which  causes  the  shape 
change,  not  merely  the  addition  of  the  agent  to  the 
plasma.  This  being  the  case,  and  because  the  trans- 
formations were  all  early  stages  of  change,  it  is 
possible  that  extensive  chemical  analyses  of  these 
compounds  in  the  plasma  would  not  provide  suffi- 
cient information  relative  to  the  changes  in  shape. 

The  significance  of  the  observed  red  cell  shape 
transformations  during  Skylab  are  not  readily 
apparent.  Based  upon  the  exercise  performance 
capacity  of  the  crew  as  measured  in-flight  (ch. 
21)  and  based  upon  their  cardiovascular  response 
to  the  stress  of  lower  body  negative  pressure  (ch. 
29)  during  that  time,  it  seems  apparent  that  these 
changes  in  red  cell  shape  do  not  represent  a sig- 
nificant compromise  to  the  ability  of  the  body  sys- 
tems to  function  normally  with  respect  to  adequate 
blood  flow  and  tissue  oxygen  demand.  However, 
the  impact  of  alterations  in  red  cell  shape  with  re- 
spect to  the  reduction  in  circulating  red  cell  mass 
(ch.  26)  might  be  more  significant.  Severe  defor- 
mation of  circulating  red  cells  can  result  in  their 
premature  sequestering  by  the  RES,  primarily  the 
hepatic  and  splenic  systems  (ref.  38).  The  altera- 
tion in  red  cell  shape  during  space  flight  might 
provide  a sufficient  stimulus  to  the  RES  to  initiate 
trapping  and  eventual  removal  of  these  cells  from 
the  circulating  red  cell  mass. 

Maintenance  of  normal  red  cell  shape  and  nor- 
mal deformability  are  essential  to  survival  of  the 
cell  in  vivo.  A major  function  of  the  RES  is  to 
remove  from  circulation  those  cells  whose  struc- 
ture is  abnormal  or  the  membrane  too  rigid.  Since 
the  cells  that  were  examined  in  this  study  came 
from  peripheral  blood  samples,  they  apparently 
satisfied  the  RES  criteria  for  nondestruction. 
However,  the  abnormal  cells  remaining  in  the  cir- 
culation may  be  indicative  of  a greater  degree  of 
shape  alteration  in  other  cells  which,  because  of 
the  changes  in  their  structure,  had  been  removed 
from  the  circulation.  Sufficient  data  ai*e  not  avail- 
able to  answer  this  question  with  certainty.  As 
stated  earlier,  all  of  the  echinocytes  observed  were 
of  the  stage  I type.  Studies  on  the  deformability 


characteristics  of  echinocytes  produced  by  extrin- 
sic plasma  echinocytogenic  factors  have  shown 
that  there  are  no  significant  differences  in  the  de- 
formability of  these  cells  compared  to  discocytes 
(ref.  34) . It  is  only  when  the  crenation  progresses 
to  a point  where  change  in  the  membrane  results 
in  loss  of  effective  surface  area,  that  the  conse- 
quences are  different,  and  the  cells  have  a reduc- 
tion in  their  deformability.  The  absence  of  stage 
II  or  stage  III  echinocytes  would  seem  to  indicate 
that  the  changes  observed  were  not  progressing 
to  further  more  extensive  shape  alterations. 

The  magnitude  of  the  echinocyte  formation  ap- 
pears to  be  related  to  the  duration  of  the  flight 
with  no  apparent  plateau  in  the  curve  depicting 
the  response  evident  after  82  days.  The  curve  de- 
scribing the  stomatocyte  plus  knizocyte  formation 
has  an  optimum  value  between  20  and  30  days  after 
launch,  and  by  82  days  the  percent  of  these  types 
of  cells  is  comparable  to  the  preflight  value.  This 
second  type  of  pattern  is  consistent  with  that  char- 
acteristic of  the  red  cell  mass  loss  during  these 
missions.  The  loss  of  circulating  red  cells  was  also 
maximal  at  20  to  40  days  and  decreased  after  that 
time.  However,  the  recovery  of  red  cell  mass  was 
independent  of  weightlessness  or  normal  gravity 
after  the  initial  insult  (ch.  26;  Johnson  and  Kim- 
zey,  manuscript  in  preparation).  Thus,  it  is  not 
possible  to  substantiate  a direct  relationship  be- 
tween the  red  cell  shape  alterations  during  the 
Skylab  missions  to  the  concomitant  loss  in  red 
cell  mass.  However,  it  is  an  area  that  should  have 
further  investigation. 

The  significance  of  the  transformations  in  red 
cell  shape  observed  during  the  Skylab  study  must 
be  considered  relative  to  the  limitation  of  partici- 
pation of  man  in  extended  space  flight  missions. 
The  results  of  this  one  study  are  not  conclusive 
with  respect  to  this  question.  Based  on  these  ex- 
aminations of  red  cells  in  normal,  healthy  men 
and  based  on  other  Skylab  experiment  data  rela- 
tive to  the  functional  capacity  of  the  red  cells  in 
vitro  and  the  performance  capacity  of  man  as  an 
integrated  system,  the  changes  observed  in  this 
study  would  not  appear  to  be  the  limiting  factor 
in  determining  the  stay  of  man  in  space.  However, 
the  results  of  this  experiment  and  the  documented 
red  cell  mass  loss  during  space  flight  raise  serious 
questions  at  this  time  relative  to  the  selection  cri- 
teria utilized  for  passengers  and  crews  of  future 
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space  flights.  Serious  consideration  should  be 
given  to  testing  the  effectiveness  and  reserve  ca- 
pacity of  the  erythropoietic  system  in  those  indi- 
viduals, and  until  the  questions  relative  to  the 
specific  cause  and  impact  of  the  red  cell  shape 
change  on  cell  survival  in  vivo  can  be  resolved, 
individuals  with  diagnosed  hematologic  abnor- 
malities should  not  be  considered  as  prime  candi- 
dates for  missions,  especially  those  of  longer 
duration. 
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Medical  evaluations  after  Gemini  and 
Apollo  flights  demonstrated  reduced  ortho- 
static tolerance  in  virtually  all  crewmen  specifi- 
cally tested  (refs.  1,  2).  This  diminished  ability  of 
the  cardiovascular  system  to  function  effectively 
against  gravitational  stress  following  exposure 
to  weightlessness,  while  usually  mild  and  never 
operationally  significant,  sometimes  resulted  in 
pronounced  increases  in  heart  rate  and  decreases 
in  pulse  pressure  during  orthostatic  testing.  How- 
ever, 48  hours  or  less  nearly  always  sufficed  for 
orthostatic  responses  to  regain  their  preflight 
status.  The  magnitude  of  this  postflight  loss  of 
orthostatic  tolerance  showed  no  clear  correlation 
with  flight  durations  ranging  between  4 and  14 
days.  This  enigma  was  compounded  by  the  Rus- 
sian reports  of  severe  orthostatic  intolerance  in 
the  Soyuz  9 crewmen  after  their  18-day  flight 
(ref.  3).  Against  this  background,  concern  for 
postflight  orthostatic  intolerance  in  the  crewmen 
of  the  planned  28-day  flight  of  the  first  manned 
Skylab  Mission,  Skylab  2,  reached  greater  dimen- 
sions. 

The  objective  of  the  Skylab  Lower  Body  Nega- 
tive Pressure  experiment  designated  M092,  was  to 
determine  the  extent  and  the  time  course  of 
changes  in  orthostatic  tolerance  during  the  weight- 
lessness of  space  flight  and  to  determine  whether 
in-flight  data  from  the  experiment  would  be  useful 
in  predicting  the  postflight  status  of  orthostatic 
tolerance. 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


Compared  to  preflight  results,  lower  body  nega- 
tive pressure  produced  exaggerated  blood  pres- 
sure and  heart  rate  responses  during  the  first 
in-flight  test  of  the  Skylab  2 crewmen  and  showed 
no  clear-cut  trend  toward  preflight  levels  during 
the  28-day  flight  (ref.  4).  Heart  rate  responses 
to  the  last  in-flight  test,  however,  compared  quite 
closely  to  those  of  the  first  postflight  test.  Post- 
flight orthostatic  intolerance  was  not  more  severe 
than  that  seen  after  some  Apollo  flights  and 
differed  chiefly  in  requiring  longer  periods  of 
time  to  return  to  preflight  levels. 

During  the  second  manned  mission,  Skylab  3, 
similar  exaggeration  of  blood  pressure  and  heart 
rate  responses  occurred  during  the  first  in-flight 
test  (ref.  5).  Again  no  definite  trend  toward  pre- 
flight values  could  be  seen  during  the  first  28  days 
but  cardiovascular  responses  to  lower  body  nega- 
tive pressure  appeared  to  become  more  stable  by 
the  sixth  to  eighth  week  of  flight.  In  general,  the 
test  results  in-flight  served  to  predict  quite  well 
the  orthostatic  tolerance  of  the  individual  crew- 
men in  the  immediate  postflight  period.  The 
Skylab  3 crew  responded  surprisingly  well  to 
postflight  Lower  Body  Negative  Pressure  tests. 
Moreover,  the  return  of  orthostatic  responses  to 
preflight  values  occurred  more  rapidly  than  after 
the  28-day  flight.  During  both  flights  the  results 
of  lower  body  negative  pressure  assumed  an  im- 
portant role  in  assessing  the  in-flight  status  of 
crew  health.  The  experience  of  the  first  two  mis- 
sions with  the  lower  body  negative  pressure  and 
other  biomedical  experiments  greatly  reduced  ap- 
prehension toward  extension  of  the  third  manned 
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mission,  Skylab  4,  beyond  the  59  days  flown  by 
the  Skylab  3 crew. 

Methods  and  Materials 

Preflight  baseline  data  were  acquired  from  the 
Skylab  4 crewmen  over  a 41/2  month  period  from 
four  tests  conducted  at  approximately  monthly 
intervals  and  three  during  the  last  6 weeks  prior 
to  launch.  All  tests  were  carried  out  in  the  Orbital 
Workshop  one-g  Trainer  or  the  Skylab  Mobile 
Laboratories  using  flight-type  hardware.  Training 
in  the  techniques  of  the  test  and  operation  of  the 
equipment  took  place  prior  to  the  acquisition  of 
baseline  data,  most  of  which  was  obtained  from 
tests  conducted  by  the  astronauts  acting  both  as 
subjects  and  observers  as  they  would  later  do  in- 
flight. In-flight  tests  were  conducted  usually  at 
3-  or  4-day  intervals  while  postflight  tests  were 
carried  out  daily  at  first  and  then  at  increasing 
intervals  of  time  over  a period  of  approximately 
2 months.  Table  29-1  shows  the  number  of  tests 
on  each  Skylab  4 crewman  during  each  period  of 
the  mission  as  well  as  those  for  the  first  two 
manned  missions.  Scheduling  was  such  that,  inso- 
far as  possible,  each  crewman’s  test  was  carried 
out  at  the  same  time  of  day  and  at  least  1,  but 
if  possible,  2 hours  after  meals  or  vigorous  exer- 
cise. 

The  Lower  Body  Negative  Pressure  Device,  as 
used  in  this  series  of  tests,  is  described  in  the  ap- 
pendix A,  section  La.  Basic  measurements  during 
all  tests  included  blood  pressure  at  30-second  in- 
tervals from  an  automatic  system  which  detected 
and  analyzed  Korotkoff  sounds,  heart  rate  con- 
tinuously from  one  component  of  a Frank  lead 
vectorcardiogram,  and  percentage  change  in  calf 
volume  continuously  from  capacitive  plethysmo- 
graphic  bands  encircling  the  legs.  Prior  to  posi- 
tioning these  bands,  a manual  measurement  was 
made  of  circumference  of  the  largest  portion  of 
the  calves,  which  also  corresponded  to  the  posi- 
tion where  the  left  band  was  to  be  placed.  Since 
the  right  band  served  solely  to  measure  changes  in 
capacitance  due  to  alterations  of  temperature 
and  humidity  within  the  negative  pressure  device, 
it  was  therefore  placed  around  a rigid  metal  band 
which  encircled  the  right  leg  at  the  lower  level 
of  the  calf  muscle.  Additional  measurements  car- 
ried out  during  preflight  and  postflight  tests  in- 
cluded respiratory  excursions  from  a mercury 


strain  gage  across  the  lower  thorax,  systolic  time 
intervals  from  a phonocardiogram  and  carotid 
pulse  transducer,  and,  in  Skylab  4,  echocardio- 
grams. These  along  with  vectorcardiographic 
findings  and  preflight  and  postflight  chest  X-rays 
for  cardiac  size  are  discussed  in  chapters  34  and 
39.  Prior  to  the  lower  body  negative  tests,  as  in 
Apollo  16  and  17  flight  crew  evaluations,  lower 
limb  volume  was  estimated  from  a series  of  girth 
measurements  taken  at  3 centimeter  intervals 
between  ankles  and  upper  thighs.  For  the  first 
time  the  latter  measui’ement  was  also  made  sev- 
eral times  during  the  Skylab  4 flight  and  are  dis- 
cussed by  Thornton  et  al.  (ch.  32). 

An  Experiment  Support  System  provided 
power  and  appropriate  controls,  including  those 
necessary  for  calibration,  to  the  hardware  units 
already  mentioned.  The  Experiment  Support 
System  also  contained  displays  for  heart  rate, 
which  was  updated  every  5 beats,  systolic  and 
diastolic  pressures,  percentage  changes  in  calf 
volume,  and  temperature  within  and  exterior  to 
the  Lower  Body  Negative  Pressure  Device. 

The  lower  body  negative  pressure  protocol  was 
identical  to  that  adopted  for  Apollo  studies.  The 


Table  29.-I. — Lower  Body  Negative  Pressure 
Tests  During  Preflight,  In-flight  and  Postflight 
Periods  of  the  Three  Skylab  Missions. — Total 
Tests  for  Each  Phase  and  Each  Mission 


Skylab 

mission  Preflight  In-flight  Postflight  Total 


Commander 

6 

7 

8 

21 

Scientist  Pilot 

6 

7 

8 

21 

Pilot 

6 

8 

8 

22 

18 

22 

24 

64 

Commander 

6 

16 

8 

30 

Scientist  Pilot 

5 

17 

8 

30 

Pilot 

5 

16 

8 

29 

16 

49 

24 

89 

Commander 

6 

22 

9 

37 

Scientist  Pilot 

7 

22 

9 

38 

Pilot 

7 

23 

9 

39 

20 

67 

27 

114 

3 Missions 

54 

138 

75 

267 
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first  and  last  5 minutes  of  the  25-minute  test  were 
at  ambient  atmospheric  pressure  to  provide  data 
from  resting  control  and  recovery  periods,  re- 
spectively. The  15-minute  stress  period  con- 
sisted of  five  distinct  levels  of  negative  pressure 
applied  sequentially:  8 and  16  mm  Hg  negative 
pressure  for  1 minute  each,  30  mm  Hg  for  3 
minutes,  and  40  and  50  mm  Hg  negative  pressure 
for  5 minutes  each  (fig.  29-1). 
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Figure  29-1. — ^Levels  of  lo'wer  body  negative  pressure  and 
time  of  individual  phases  of  the  lower  body  negative 
pressure  protocol. 


While  still  in  orbit  and  just  prior  to  reentry, 
each  crewman  donned  a garment  which  covered 
the  lower  body  (ch.  1,  fig,  1-6).  Garment  pressure 
against  the  skin  was  provided  by  lateral  infiatable 
bladders  and  capstans.  When  inflated  to  gage 
pressure  of  170  to  180  mm  Hg,  the  capstans  pro- 
duced 85  to  90  mm  Hg  pressure  at  the  ankles  and 
a decreasing  gradient  of  pressure  headward 
which  declined  to  10  mm  Hg  at  the  waist.  These 
gannents  remained  pressurized,  except  during 
times  when  the  crewmen  could  be  recumbent,  until 
beginning  of  the  first  postflight  Lower  Body  Nega- 
tive Pressure  test. 

Blood  pressure  and  heart  rate  data  in  this 
paper,  unless  otherwise  specified,  refer  to  mean 
values  during  the  lower  body  negative  pressure 
phase,  usually  the  5-minute  periods  during  rest- 
ing control  and  exposure  to  —50  mm  Hg  pres- 
sure. Mean  values  from  preflight  tests  established 
fiducial  limits  at  the  P<0.05  significance  level  for 
evaluating  in-flight  and  postflight  data.  The  re- 
sults which  follow  apply  only  to  Skylab  4 crew- 
men except  when  otherwise  specified. 


Results 

In-flight. — Heart  Rate. — During  their  first  in- 
flight tests  on  mission  days  5 and  6,  resting  heart 
rates  of  the  Commander  and  the  Scientist  Pilot 
showed  elevations  above  fiducial  limits  estab- 
lished from  preflight  tests;  the  Pilot,  on  mission 
day  5,  exhibited  a resting  heart  rate  that  was 
relatively  slow  and  well  within  preflight  limits. 
Typical  preflight  and  the  first  in-flight  tests  of 
each  crewman  are  shown  in  figures  29-2  through 
29-8.  After  mission  day  5 resting  heart  rates  were 
elevated  above  preflight  limits  in  nearly  every 
test,  although  a probable  trend  toward  lower  rates 
appeared  during  the  last  third  of  the  mission. 
This  was  more  apparent  in  the  Commander  whose 
resting  heart  rates  fell  within  preflight  limits  in 
three  of  nine  tests  after  mission  day  51  (fig. 
29-8). 

During  the  50  mm  Hg  phase  of  lower  body 
negative  pressure  heart  rates  became  significantly 
elevated  in  all  three  crewmen  in  the  first  and 
in  nearly  every  subsequent  test  throughout  the 
flight.  The  degi’ee  of  elevation  fluctuated  rather 
markedly  from  test  to  test.  The  Commander 
showed  the  least  fluctuation  and,  after  mission 
day  39,  had  no  further  tests  in  which  stressed 
(—50  mm  Hg)  mean  heart  rates  exceeded  81 
beats  per  minute.  In  the  majority  of  tests  after 
mission  day  51,  his  stressed  heart  rates  remained 
within  preflight  limits.  Fluctuations  of  mean 
stressed  heart  rates  of  the  Scientist  Pilot  con- 
tinued throughout  the  mission  but  remained  sig- 
nificantly elevated  above  preflight  limits.  A slight 
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Figure  29-2. — Cardiovascular  responses  of  Skylab  4 Com- 
mander during  Lower  Body  Negative  Pressure  test  50 
days  prior  to  flight. 
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downward  trend  may  have  been  present  after  mis- 
sion day  34  (fig.  29-9).  Certainly  after  this  time, 
tests  with  excessively  high  heart  rate  responses 
occurred  less  frequently.  Stressed  heart  rate  fluc- 
tuations of  the  Pilot  became  smaller  after  mission 
day  29  and  a slowly  declining  heart  rate  response 
to  lower  body  negative  pressure  may  have  been 
present  after  this  time  (fig.  29-10). 

Blood  Pressure. — Mean  values  of  systolic  blood 
pressure  (SBP)  of  the  Commander  during  the 
resting  control  period  of  in-flight  lower  body 
negative  pressure  tests  were  usually  within  pre- 
flight limits.  Significant  elevations  occurred  in- 


frequently and  sporadically  but  were  more  com- 
mon during  the  first  half  of  the  mission.  Con- 
versely, diastolic  blood  pressure  (DBP)  at  rest 
was  usually  significantly  lower  than  preflight 
values.  Resting  pulse  pressure  therefore  usually 
exceeded  preflight  limits.  Calculated  mean  arte- 

rial  pressure  I SBP  H g I ranged  be- 

low preflight  limits  in  approximately  one-half  of 
the  tests,  occurring  in  four  successive  tests  be- 
tween mission  days  11  and  21  and  in  five  of  six 
tests  between  mission  days  47  and  66.  The  magni- 
tude by  which  in-flight  blood  pressure  and  heart 
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Figure  29—3. — Cardiovascular  responses  during  first  in- 
flight test  of  Skylab  4 Commander  on  mission  day  5. 
Moderate  depression  of  diastolic  pressure,  elevation  of 
systolic  pressure  during  the  resting  control  phase,  and 
increased  heart  rate  and  calf  volume  change  during  lower 
body  negative  pressure  are  apparent. 


Figure  29—5. — Cardiovascular  responses  during  first  in- 
flight test  of  the  Skylab  4 Scientist  Pilot  on  mission  day 
6.  Changes  from  preflight  values  resemble  those  of  the 
Commander  in  figure  29—3  but  are  more  pronounced. 
Tlie  slightly  early  termination  of  negative  pressure  was 
not  due  to  symptoms. 
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Figure  29—4. — Cardiovascular  responses  of  the  Skylab  4 
Scientist  Pilot  during  the  Lower  Body  Negative  Pressure 
test  21  days  prior  to  flight. 


Figure  29—6. — Cardiovascular  responses  of  the  Skylab  4 
Pilot  during  Lower  Body  Negative  Pressure  test  35  days 
prior  to  flight. 
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Figure  29-7. — Cardiovascular  responses  during  first  in- 
flight test  of  the  Skylab  4 Pilot  on  mission  day  5 show- 
ing changes  from  preflight  responses  similar  to  those  of 
the  Scientist  Pilot  in  figure  29-5. 


rate  means  of  the  Skylab  4 crewmen  differed  from 
preflight  values  appear  in  table  29-11. 

Diastolic  pressure  of  the  Commander  during 
lower  body  negative  pressure  rose  over  resting 
values  by  significantly  greater  increments  during 
in-flight  tests  than  in  preflight  tests  (fig.  29-11). 
Despite  the  greater  in-flight  rise,  mean  stressed 
diastolic  pressure,  while  lower  than  preflight  val- 
ues, was  not  so  to  a significant  degree.  Higher 
resting  levels  and  smaller  falls  of  systolic  pressure 
characterized  in-flight  Lower  Body  Negative  Pres- 
sure tests  of  the  Commander  as  compared  to 
preflight.  This  combination  led  to  the  unusual 
finding  of  a significantly  higher  in-flight  mean 
value  of  pulse  pressure  during  —50  mm  Hg  than 
preflight.  Stressed  pulse  pressure  in-flight  ex- 
ceeded preflight  stressed  pulse  pressure  in  only 
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(6  tests)  In-flight  Postflight 


Mission  day 


Figure  29-8. — Mean  heart  rale  of  the  Commander  during  resting  and  50  mm  Hg  phases 
of  lower  body  negative  pressure.  (Skylab  4.)  Note  the  contracted  time  scale  during  the 
preflight  period  in  this  figure  and  similar  figures  that  follow.  Highest  heart  rate 
responses  occurred  on  mission  days  21  and  39  and  postflight  on  recovery  plus  1 day. 
A presyncopal  episode  on  mission  day  16  probably  prevented  higher  mean  heart  rate 
on  that  day  since  the  test  was  terminated  after  a little  more  than  2 minutes  exposure 
to  50  mm  Hg  lower  body  negative  pressure. 
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two  other  Skylab  crewmen,  the  Commander  of 
Skylab  3 and  the  Pilot  of  Skylab  2.  In-flight  mean 
values  for  mean  arterial  pressure  of  the  Com- 
mander during  the  50  mm  Hg  phase  of  lower 
body  negative  pressure  differed  only  slightly  from 
preflight  values.  Evidence  for  any  trend  of  change 
in  blood  pressure  parameters  during  flight  were 
lacking. 

While  blood  pressure  of  the  Commander  showed 
less  variance  from  test  to  test  in  the  preflight 
period  than  any  of  the  other  eight  Skylab  astro- 
nauts, both  the  Scientist  Pilot  and  the  Pilot 
showed  considerable  lability  of  blood  pressure 
during  their  preflight  tests.  As  a consequence,  in- 
flight changes  from  preflight  values  did  not 
achieve  statistical  significance  unless  they  were 
of  large  magnitude. 


Even  though  resting  systolic  blood  pressure  of 
the  Scientist  Pilot  during  in-flight  tests  exceeded 
preflight  limits  rather  frequently  during  the  first 
half  of  the  mission,  its  mean  value  for  all  in- 
flight tests  did  not  depart  significantly  from  pre- 
flight values.  Diastolic  pressure  at  rest  showed 
little  change  from  mean  preflight  values.  The 
mean  of  in-flight  values  for  resting  pulse  pressure 
of  the  Scientist  Pilot  exceeded  preflight  means  by 
a significant  margin.  In  addition,  most  individual 
tests  during  the  first  half  of  the  mission  revealed 
resting  pulse  pressures  significantly  higher  than 
preflight  fiducial  limits.  Figure  29-12  shows  mean 
values  of  systolic  and  diastolic  pressure  of  the 
Scientist  Pilot  during  rest  and  the  50  mm  Hg 
phase  of  lower  body  negative  pressure  in  all 
tests. 
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Figure  29—9. — Mean  heart  rate  of  the  Scientist  Pilot  during  resting  and  50  mm  Hg 
phases  of  lower  body  negative  pressure.  (Skylab  4.)  Presyncopal  episodes  on  mission 
days  14  and  61  may  have  prevented  higher  stressed  heart  rates  during  these  tests 
although  such  an  effect  was  not  apparent  on  mission  days  34  and  71  when  presyncopal 
symptoms  also  caused  the  tests  to  be  terminated.  Periodic  high  stressed  heart  rates 
climbed  to  a peak  at  mission  day  34.  Thereafter,  these  declined  in  magnitude  and  also 
in  frequency. 
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Stressed  systolic  blood  pressure  of  the  Scientist 
Pilot  fell  below  preflight  limits  in  nearly  every 
in-flight  test.  Decreases  of  diastolic  pressure  be- 
low preflight  limits  during  lower  body  negative 
pressure  occurred  less  frequently.  Stressed  pulse 
pressure  and  mean  arterial  pressure  frequently 
declined  below  preflight  limits,  and  the  mean 
value  of  mean  arterial  pressure  during  in-flight 
tests  were  significantly  lower  than  the  mean  of 
preflight  values.  Over  the  in-flight  period  there 
appeared  to  be  a slight  downward  trend  in  rest- 
ing systolic  and  diastolic  pressures  and  a question- 
able downward  trend  in  their  values  during 
stress. 

Resting  and  stressed  systolic  and  diastolic  blood 
pressures  of  the  Pilot  were  within  the  rather  wide 
preflight  limits  for  these  values  in  nearly  all  in- 
flight tests.  The  resting  pulse  pressure  exceeded 


preflight  limits  occasionally  and  sporadically  in 
in-flight  tests  since  systolic  blood  pressure  tended 
to  be  higher  and  diastolic  pressure  lower  than 
preflight  levels.  While  pulse  pressure  showed  no 
definite  trend  or  change  during  the  flight,  systolic, 
diastolic,  and  mean  arterial  pressures,  both  at 
rest  and  during  lower  body  negative  pressure 
stress,  showed  definite  declining  trends  (figs. 
29-13,  29-14). 

Calf  Volume  Increase  Induced  by  Lower  Body 
Negative  Pressure. — As  had  been  observed  in  the 
first  two  Skylab  missions,  calf  volume  increases 
during  lower  body  negative  pressure  greatly  ex- 
ceeded those  which  had  occurred  in  preflight  tests. 
As  illustrated  in  figures  29-15  and  29-16,  the 
rate  and  magnitude  of  increase  were  especially 
pronounced  at  the  lower  levels  of  negative  pres- 
sure, 8,  16,  and  30  mm  Hg.  In  some  tests,  calf 
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Figure  29-10. — Mean  heart  rate  of  the  Pilot  during  resting  and  50  mm  Hg  phases  of 
lower  body  negative  pressure.  (Skylab  4.)  The  high  heart  rates  that  appeared  period- 
ically declined  in  magnitude  after  the  first  month  in-flight.  A slight  downward  trend 
in  stressed  heart  rates  was  apparent  during  the  latter  period.  A presyncopal  episode  on 
mission  day  10  may  have  been  associated  with  the  lower  mean  stressed  heart  rate  on 
that  day. 
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volume  increased  so  rapidly  that  the  leveling  off 
usually  seen  before  the  end  of  each  minute  of 
exposure  to  8 and  16  mm  Hg  negative  pressure 
did  not  occur  until  after  the  —30  mm  Hg  level 
had  been  reached.  This  pronounced  change  in  calf 
volume  appeared  in  the  first  test  and  continued, 
although  varying  considerably  between  tests, 
throughout  the  mission. 

Calf  volume  increases  of  the  Commander  in 
preflight  tests  were  relatively  small  in  contrast 
to  those  of  the  Scientist  Pilot  and  Pilot,  which 
were  larger  than  usually  seen.  This  same  pattern 
of  difference  continued  throughout  the  flight. 
Even  when  using  the  least  sensitive  band  avail- 
able, calf  volume  of  the  Scientist  Pilot  and  Pilot 
rather  frequently  reached  off-scale  values  after 
increasing  to  about  8.5  percent.  On  mission  day 
54,  following  instructions  from  the  ground,  the 
crew  made  adjustments  to  reduce  sensitivity  of 
the  band  used  by  these  two  crewmen  by  about 
30  percent.  Thereafter,  the  off-scale  condition 
was  not  reached,  even  though  calf  volume  in- 
creases sometimes  exceeded  11  percent.  Whereas 
preflight  calf  volume  increases  at  the  end  of  the 
50  mm  Hg  negative  pressure  phase  averaged  be- 
tween 3 and  4 percent,  during  in-flight  tests  they 
reached  values  usually  between  8 and  11  percent 
in  the  Scientist  Pilot  and  Pilot.  In  the  Commander, 


calf  volume  increases  averaged  2.4  percent  pre- 
flight but  usually  reached  levels  ranging  between 
5 and  7 percent  in-flight. 

During  preflight  tests,  calf  volume  decreases 
indicating  venous  drainage  usually  were  seen  dur- 
ing the  5 minutes  of  rest  preceding  negative 
pressure.  Calf  volume  during  this  5-minute  period 
of  in-flight  tests  usually  shifted  upward,  indicating 
an  increase  in  venous  inflow.  Frequently  during 
the  8 mm  Hg  and  16  mm  Hg  negative  pressure 
phase  in  preflight  tests,  evidence  of  active  venous 
contraction  occurred  after  the  initial  filling  pe- 
riod. This  phenomenon  was  seen  more  often  in  the 
Commander  than  in  either  the  Scientist  Pilot  or 
Pilot.  During  in-flight  tests  such  indication  of 
venous  contraction  occurred  only  infrequently  and 
sporadically. 

Following  cessation  of  negative  pressure,  calf 
volume  returned  usually  to  within  0.5  percent 
above  or  below  the  resting  value  in  preflight 
tests.  Conversely,  during  in-flight  tests,  calf 
volume  at  the  end  of  the  5-minute  recovery  period 
usually  measured  close  to  2 percent  above  baseline 
values.  In  the  case  of  the  Commander,  there  ap- 
peared to  be  an  upward  trend  in  this  residual  vol- 
ume during  the  first  5 weeks  of  the  mission  (fig. 
29-17). 

Other  Measurements  and  Observations. — Rest- 


Table  29-11. — Differences  Between  Mean  In-flight  Values  for  Heart  Rate 
and  Blood  Pressure  of  the  Skylah  U Crewmen  during  Rest  and  50  mm 
Hg  Phase  of  Lower  Body  Negative  Pressure  from  Corresponding  Mean 
Values  During  Preflight  Tests 


Commander 

Scientist 

Pilot 

Pilot 

Resting  control: 

Heart  rate  (bpm) 

7.8 

^+13.3 

"+11.3 

Systolic  blood  pressure  (mm  Hg) 

-1-  1.8 

-f  2.5 

+ 1.0 

Diastolic  blood  pressure  (mm  Hg) 

5.6 

- 2.0 

- 2.5 

Pulse  pressure  (mm  Hg) 

7.4 

4.5 

+ 3.4 

Mean  arterial  pressure  (mm  Hg) 

3.2 

- 0.5 

- 1.3 

Stressed  —50  mm  Hg: 

Heart  rate  (bpm) 

"+12.2 

^4-36.7 

^ + 26.7 

Systolic  blood  pressure  (mm  Hg) 

6.2 

"-10.9 

- 1.6 

Diastolic  blood  pressure  (mm  Hg) 

- 1.0 

- 4.8 

+ 1.3 

Pulse  pressure  (mm  Hg) 

7.1 

- 6.1 

- 2.8 

Mean  arterial  pressure  (mm  Hg) 

+ 1.5 

6.8 

+ 0.3 

1 Significant  to  0.001  level  by  Student’s  paired  t-test. 

2 Significant  to  0.01  level  by  Student’s  paired  t-test. 
® Significant  to  0.05  level  by  Student’s  paired  t-test. 
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ing  calf  circumference  measurements  were  made 
by  the  Skylab  4 crew  on  mission  day  2,  3 days 
before  the  first  lower  body  negative  pressure  ex- 
periment. At  this  time,  both  the  Commander  and 
the  Pilot  showed  declines  of  approximately  1 
centimeter  from  the  last  preflight  measurement. 
The  calf  circumference  of  the  Scientist  Pilot 
showed  a slight  increase,  a finding  which  cannot 
be  adequately  explained.  These  early  measure- 
ments differed  little,  if  any,  from  the  subsequent 
measurements  on  mission  day  5 and  mission  day 
6,  which  showed  reductions  ranging  from  0.8  to 
2.0  percent  from  the  last  preflight  values.  This 
represented  a smaller  reduction  than  had  occurred 
in  the  Skylab  2 and  Skylab  3 crewmen  whose  de- 
creases after  comparable  times  in  weightlessness 
had  ranged  between  3.5  and  5.0  percent  (table 


29-III).  Subsequent  measurements  throughout 
the  Skylab  4 flight  showed  further  rapid  de- 
creases during  the  first  3 weeks  and  thereafter  a 
slow  but  steady  decline  which  was  apparently  con- 
tinuing at  the  end  of  the  84-day  mission  (fig. 
29-18).  The  rate  of  decline  was  considerably 
slower  than  in  Skylab  2 and  Skylab  3 crewmen, 
reaching  approximately  the  same  level  after  84 
days  that  had  occurred  after  25  to  27  days  in 
crewmen  of  the  first  two  Skylab  flights. 

Measurements  of  lower  limbs  to  estimate  volume 
were  also  made  early,  for  the  first  time,  in-flight. 
On  mission  day  3,  estimates  of  lower  limb  volume 
indicated  losses  of  13.4  and  12.3  percent  in  the 
Commander  and  Scientist  Pilot,  respectively,  com- 
pared with  the  mean  of  five  preflight  measure- 
ments. The  decrease  in  the  Pilot  amounted  to  9.2 


Preflight 

(6  tests)  In-flight  Postflight 


Figure  29-11. — Mean  diastolic  blood  pressure  of  the  Skylab  4 Commander  during  rest- 
ing control  and  50  mm  Hg  pressure  phases  of  lower  body  negative  pressure.  The 
marked  elevation  on  mission  day  21  was  associated  with  the  highest  stressed  heart  rate 
seen  in  the  Commander’s  in-flight  tests.  The  elevated  diastolic  pressure  on  mission 
day  39,  on  the  other  hand,  occurred  in  association  with  a heart  rate  that  was  only 
modestly  elevated. 
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percent  on  mission  day  5.  Subsequently,  volume  of 
the  lower  limbs  appeared  to  decrease  further  as 
shown  in  table  29-IV. 

Crewmen  of  the  two  previous  missions  had  ob- 
served that  lower  body  negative  pressure  in 
weightlessness  forced  them  further  into  the  Lower 
Body  Negative  Pressure  Device.  To  compensate 
for  this  and  to  retain  proper  positioning  of  the 
iliac  crests  at  the  level  of  the  iris-like  templates, 
the  saddle  had  usually  been  adjusted  headward 
IV2  inches  from  the  position  used  preflight.  This 
adjustment  also  became  necessary  for  the  Skylab 
4 crew.  Additionally,  like  previous  crews  they  ex- 
perienced abdominal  discomfort  from  contact  with 
the  templates  and  seal  that  had  not  occurred  on 
preflight  tests.  They  also  reported  that  the  lower 
body  negative  pressure  test  remained  subjectively 
very  stressful  throughout  the  flight. 

The  first  test  in  which  it  became  necessary  to 
terminate  the  test  early  because  of  presyncopal 
symptoms  occurred  on  mission  day  10  during  the 


second  in-flight  test  of  the  Pilot  (fig.  29-19) . After 
nearly  4 minutes  of  exposure  to  50  mm  Hg  nega- 
tive pressure  he  experienced  a sensation  of  dizzi- 
ness. Associated  with  this  was  a further  marked 
fall  in  systolic  and  diastolic  pressure  and  narrow- 
ing of  pulse  pressure.  Heart  rate  had  reached  ap- 
proximately 100  beats  per  minute  and  was  falling 
prior  to  restoring  lower  body  negative  pressure  to 
ambient.  In  his  first  in-flight  test  on  mission  day  5 
(fig.  29-7),  although  no  presyncopal  symptoms 
had  occurred,  blood  pressure  and  heart  rate  were 
falling  just  prior  to  completing  the  50  mm  Hg 
negative  pressure  phase.  In  the  recovery  period 
following  that  test,  marked  sinus  arrhythmia, 
bradycardia,  and  atrioventricular  dissociation  had 
occurred  suggesting  a high  rebound  vagal  tone  and 
that  a vasovagal  reaction  had  been  imminent. 
Heart  rate  had  reached  about  the  same  level  as 
during  the  second  test  although  the  increase  in 
calf  volume  had  been  lower,  6.1  percent,  at  the  end 
of  the  50  mm  Hg  negative  pressure  phase  as  com- 


Preflight 


Figure  29—12. — Mean  systolic  and  diastolic  blood  pressures  of  the  Skylab  4 Scientist 
Pilot  during  resting  control  and  50  mm  Hg  lower  body  negative  pressure  phases  of 
individual  tests.  The  magnitude  of  falls  in  systolic  pressure  during  stress  tended  to 
decline  during  the  course  of  the  mission. 
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Figure  29—13. — Mean  diastolic  pressure  of  the  Skylab  4 Pilot  during  resting  and  50  mm 
Hg  phases  of  individual  lower  body  negative  pressure  tests.  In  most  tests,  especially 
through  the  first  two-thirds  of  the  mission,  elevations  in  diastolic  pressure  during  stress 
were  of  large  magnitude. 


Preflight 


Figure  29—14. — Mean  arterial  pressure  during  resting  and  —50  mm  Hg  phases  of  indi- 
vidual tests  of  the  Skylab  4 Pilot.  A trend  toward  lower  values  is  extended  throughout 
the  in-flight  period. 
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pared  with  9 percent  in  the  test  in  which  symptoms 
occurred.  This  test  was  carried  out  late  in  the 
afternoon  following  a very  busy  day  in  which  the 
Pilot  had  missed  lunch,  and  a time  when  he  was 
feeling  quite  fatigued.  Although  higher  mean  heart 
rates  and  greater  increases  in  calf  volume  during 
lower  body  negative  pressure  occurred  on  many 
subsequent  tests  of  the  Pilot,  especially  during  the 
first  month,  symptoms  requiring  early  termination 
did  not  recur. 

As  indicated  earlier  the  blood  pressure,  heart 
rate,  and  leg  volume  of  the  Scientist  Pilot  period- 
ically responded  quite  markedly  to  lower  body 
negative  pressure  throughout  the  mission.  On  mis- 
sion day  14  during  his  third  in-flight  test,  calf 
volume  reached  an  off-scale  condition  at  slightly 
over  7 percent  increase  early  in  the  —30  mm  Hg 


.phase.  Heart  rate  climbed  rapidly  and  pulse  pres- 
sure narrowed  gradually  during  the  ensuing  min- 
utes (fig.  29-20).  After  about  2 minutes  of 
exposure  to  50  mm  Hg  negative  pressure,  systolic 
pressure  fell  more  rapidly  and  diastolic  pressure 
also  began  to  fall.  Heart  rate  reached  nearly  120 
beats  per  minute  and  then  began  to  fall.  Concur- 
rently, lightheadedness  and  tingling  of  the  arms 
occurred  and  ambient  pressure  was  restored  after 
about  4 minutes  of  exposure  to  50  mm  Hg  negative 
pressure. 

Symptoms  such  as  tingling  of  the  arms  and 
shoulders  and  mild  dizziness  were  commonly  ex- 
perienced by  the  Scientist  Pilot  but  did  not  require 
another  early  termination  of  the  test  until  mission 
day  34.  This  test  terminated  about  2 minutes  early 
when  the  heart  rate  was  falling  from  a peak  of 
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Mission  day 


Figure  29—15. — Increases  in  calf  volume,  expressed  as  a percentage  change  from  resting 
control  volume,  during  lower  body  negative  pressure  tests  of  the  Skylab  4 Pilot.  The 
values  shown  indicate  percent  volume  increase  at  the  ends  of  the  1-minute  of  16  mm 
Hg  and  the  3-minute  of  30  mm  Hg  phases  of  lower  body  negative  pressure!  Resting 
calf  volumes  are  shown  as  zero,  but  actually  declined  during  the  course  of  the  flight. 
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140  beats  per  minute  (fig.  29-21).  Presyncopal 
manifestations  including  mild  faintness  and  sud- 
den pallor,  occurred  about  5 seconds  before  the  50 
mm  Hg  negative  pressure  phase  was  due  to  end 
on  mission  day  61  when  ambient  temperature  in 
the  orbital  workshop  had  climbed  from  the  usual 
23.3°  C (74°  F)  to  26.5°  C (79.6°  F).  Again  on 
mission  day  71  symptoms  led  to  termination  of  the 
test  about  30  seconds  early.  Each  of  these  four 
episodes  were  associated  with  the  fatigue  of  a very 
busy  day,  inadequate  sleep  during  the  previous 
night,  and  omission  of  his  usual  attempts  to  main- 
tain a high  fluid  intake. 

The  only  instance  in  which  the  Commander  ex- 
perienced presyncopal  symptoms  was  on  mission 
day  16  when  mild  dizziness  and  a rapid  falling 
blood  pressure  after  about  2 minutes  of  the  50  mm 
Hg  negative  pressure  phase  caused  the  test  to  be 


stopped  early  (fig.  29-22).  Flight  planning  diffi- 
culties had  led  to  scheduling  this  test  in  the  after- 
noon rather  than  during  the  usual  morning  hours. 
On  his  next  test,  performed  on  the  morning  of 
mission  day  21,  he  again  experienced  symptoms 
including  dizziness  and  the  onset  of  cold  sweating 
of  the  face  but  was  able  to  complete  the  test.  This 
latter  test,  which  was  preceded  by  ingestion  of  a 
large  amount  of  water  and  some  toe-rise  exercises 
on  the  “treadmill,”  was  associated  with  abdominal 
and  saddle  discomfort  and  also  a higher  heart  rate 
than  in  any  other  of  his  tests  (fig.  29-23) . 

Postflight. — Heart  Rate. — Resting  and  stressed 
heart  rates  of  the  Skylab  4 crewmen  followed  a 
somewhat  similar  pattern  of  change  postflight  dur- 
ing their  first  postflight  tests  on  the  day  of  re- 
covery, all  having  resting  heart  rates  which  were 
quite  slow  and  within  preflight  limits.  Resting 


Preflight 

(6  tests)  In-flight  Postflight 


Figure  29-16. — Percentage  increase  in  calf  volume  of  the  Skylab  4 Commander  at  the 
end  of  the  16  and  the  30  mm  Hg  phases  of  negative  pressure  of  individual  tests  of  the 
Commander.  Absolute  values  during  both  preflight  and  in-flight  periods  were  lower 
than  those  of  the  Pilot  (shown  in  preceding  figure)  and  the  Scientist  Pilot.  Propor- 
tionate increases  of  in-flight  over  preflight  values  were  similar. 
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heart  rates  of  the  Commander  and  Scientist  Pilot 
were  elevated  about  15  to  20  percent,  respectively, 
on  the  following  day  over  those  on  recovery.  On 
the  second  day  after  splashdown,  the  Commander’s 
resting  heart  rate  had  declined  to  near  recovery 
day  value  whereas  the  Scientist  Pilot’s  rate 
reached  its  highest  postflight  value,  39  percent 
above  the  recovery  day  value.  Resting  heart  rate  of 
the  Pilot  continued  to  be  low  in  all  postflight  tests 
(figs.  29-24,  29-25,  29-26). 

Mean  heart  rates  of  the  Skylab  4 crew  during  50 
mm  Hg  lower  body  negative  pressure  at  their  re- 
covery day  examinations  were  fairly  close  to  their 


respective  values  during  their  last  in-flight  tests 
(table  29-V).  Stressed  heart  rates  of  the  Com- 
mander followed  the  same  pattern  as  his  resting 
heart  rates  with  the  greatest  increase  occurring 
during  the  day  after  the  recovery  day  test.  Heart 
rate  responses  to  lower  body  negative  pressure 
during  subsequent  tests  returned  to  and  remained 
within  preflight  limits. 

The  Scientist  Pilot  exhibited  his  highest  heart 
rate  response  to  lower  body  negative  pressure  dur- 
ing the  recovery  day  test  conducted  6 hours  after 
splashdown.  Heart  rate  during  tests  on  the  follow- 
ing day  and  the  second  day  were  elevated  over 
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Figure  29-17. — Absolute  increases  expressed  in  milliliters,  over  resting  control  values 
of  leg  volume  at  the  end  of  the  —16  mm  Hg  and  the  end  of  the  S^minute  recovery 
phases  of  individual  tests  of  lower  body  negative  pressure  of  the  Skylab  4 Commander. 
The  latter  measurement,  representing  residual  volume  increase,  ranged  slightly  below 
the  volume  at  —16  mm  Hg  in  in-flight  tests  but  fell  below  resting  volumes  preflight. 
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preflight  limits  by  a smaller  magnitude,  and  on 
subsequent  tests  returned  to  and  remained  within 
these  limits. 

Stressed  heart  rate  of  the  Pilot  was  slightly  ele- 
vated above  preflight  limits  on  recovery  day, 
climbed  to  a slightly  higher  level  on  the  day  after 
recovery,  and  dropped  to  the  recovery  day  value 
on  the  second  day  after  recovery.  On  the  fourth 
day  postmission,  the  heai’t  rate  response  was  again 
elevated  slightly  but  was  within  preflight  limits  on 
subsequent  tests. 

Blood  Pressure. — During  the  first  few  postflight 
days,  the  three  Skylab  4 astronauts  exhibited 
marked  blood  pressure  changes  both  at  rest  and 
during  lower  body  negative  pressure  stress.  Al- 
though the  time  course  of  the  postflight  pattern 
differed  among  the  three  crewmen,  all  exhibited 
pronounced  elevation  of  diastolic  and  mean  ar- 
terial pressures  both  at  rest  and  during  lower  body 
negative  pressure  stress  on  one  or  more  of  the  first 


three  postflight  tests.  Systolic  and  pulse  pressure 
during  rest  were  also  elevated  at  some  time  during 
this  period. 

On  the  Commander’s  first  postflight  test,  begun 
4 hours  after  splashdown,  resting  systolic,  dia- 
stolic, and  mean  arterial  pressure  were  markedly 
elevated  over  preflight  limits  during  both  resting 
control  and  50  mm  Hg  negative  pressure  phases. 
Mean  arterial  pressure  both  at  rest  and  during 
50  mm  Hg  negative  pressure  remained  above  pre- 
flight limits  during  each  test  through  the  fifth 
post  recovery  day  (fig.  29-27).  Pulse  pressure 
during  stress  also  slightly  exceeded  preflight 
limits.  Resting  and  stressed  systolic  blood  pres- 
sure and  pulse  pressure  climbed  to  higher  values 
on  the  first  day  after  recovery.  Thereafter  all 
values  declined  on  successive  tests  and  were  with- 
in preflight  limits  by  either  the  5th  or  11th  day 
postflight. 

The  Scientist  Pilot,  during  his  recovery  day  test 
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Table  29-III. — Percent  Decrease  from  Last  Preflight  Values  in  Mean  Calf  Circumferences  — ^ — of  the 

Nine  Skylab  Crewmen  at  Designated  Mission  Days  In-flight  and  at  the  Time  of  Their  First  Five 
Postflight  Examinations 


Test 

day 

Percent  decrease 

Skylab  2 

Skylab  3 

Skylab 

Scientist 

Commander  Pilot 

Pilot 

Scientist 

Commander  Pilot 

Pilot 

Scientist 

Commander  Pilot 

Pilot 

In-flight 

Mission  Day: 

2 

2.0 

-0.8 

2.5 

4 

4.3 

3.5 

5 

3.7 

5.0 

2.0 

2.5 

6 

4.5 

4.1 

0.8 

25-27 

6.6 

6.8 

10.1 

6.2 

7.6 

6.4 

2.9 

3.1 

4.8 

57-59 

8.4 

9.9 

8.9 

5.8 

4.5 

6.5 

82-83 

6.7 

5.3 

7.0 

Post  flight 

Recovery : 

+ 0 

6.0 

6.8 

8.3 

9.1 

10.3 

7.3 

7.2 

5.7 

7.7 

+ 1 

4.8 

5.8 

5.6 

8.1 

8.1 

8.6 

4.7 

4.9 

6.1 

+ 2 

4.6 

5.0 

7.5 

8.3 

8.1 

7.5 

3.2 

3.9 

4.9 

+ 4 

5.4 

4.7 

5.6 

5.6 

7.0 

2.7 

2.9 

1.5 

3.5 

+ 5 

+ 8-11 

4.6 

2.4 

4.5 

5.7 

3.8 

2.7 

1.9 

0.1 

1.0 
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Preflight 


Mission  day 


Figure  29—18. — Calf  girth  of  the  three  Skylab  4 crewmen  measured  just  prior  to  each 


lower  body  negative  pressure  test.  Tlie  mean 


/?  + L 
2 


of  the  right  and  left  calf  is  shown. 


An  eighth  measurement,  the  last  of  those  taken  preflight,  was  made  independently 
6 days  before  flight  and  not  in  association  with  a lower  body  negative  pressure  test. 
This  last  measurement  was  used  as  a reference  value,  100  percent,  from  which  per- 
centage difference  of  all  other  measurements  were  calculated. 


Table  29-IV. — Percent  Decrease  from  Preflight 
Mean  Values  in  Volume  of  the  Loiver  Limbs  at 
the  Time  of  In-flight  Measurement,  Skylab  U 


In-flight 

Commander 

Scientist 

Pilot 

Pilot 

Mission  day  3 

13.4 

12.3 

5 

"12.2 

"9.7 

"9.2 

8 

13.4 

13.5 

13.1 

31 

15.8 

12.3 

37 

"15.3 

57-59 

17.5 

"12.4 

13.2 

81 

"12.2 

"13.4 

1 Based  on  measurement  of  left  lower  limb  only. 


6 hours  after  splashdown,  exhibited  resting  sys- 
tolic, diastolic,  pulse,  and  mean  arterial  pressures 
that  fell  within  preflight  limits  and  quite  close  to 
those  seen  on  the  last  test  in-flight.  During  lower 
body  negative  pressure,  however,  diastolic  pres- 
sure rose  quite  markedly  above  these  values  and 
pulse  pressure  narrowed  proportionately  (fig. 
29-28).  Systolic  pressure,  both  at  rest  and  during 
lower  body  negative  pressure,  reached  its  highest 
postflight  value  on  the  second  day  postflight  while 
diastolic  pressure  showed  little  change  at  rest,  but 
during  the  50  mm  Hg  negative  pressure  stress  fell 
from  its  initially  high  level  on  recovery  day  to  pro- 
gressively lower  levels  during  each  of  the  four 
following  tests. 
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Resting  systolic  blood  pressure  and  pulse  pres- 
sure of  the  Pilot  followed  patterns  similar  to  those 
of  the  Scientist  Pilot  in  climbing  to  their  highest 
value  on  the  second  day  after  recovery.  Diastolic 
pressure  at  rest  resembled  that  of  the  Commander 
in  exhibiting  its  highest  value  during  the  first  test 
8 hours  after  splashdown.  Mean  arterial  pressure 
at  rest  remained  elevated  during  the  first  four 
tests  but  during  lower  body  negative  pressure 
stress  fell  markedly  during  the  recovery  day  test 
and  reached  successively  higher  levels  during  the 


following  two  tests.  Stressed  systolic,  diastolic,  and 
pulse  pressures  showed  the  same  pattern,  reach- 
ing maximal  levels  on  the  second  day  after  re- 
covery (fig.  29-29). 

Calf  Volume  Increase  Induced  by  Lower  Body 
Negative  Pressure. — Calf  volume  increases  at  all 
levels  of  lower  body  negative  pressure  on  recovery 
day  dropped  abruptly  from  the  high  values  that 
occurred  in-flight  to  approximately  preflight 
values.  During  the  next  test  on  the  day  after  re- 
covery, calf  volume  increase  climbed  higher  than 


Figure  29-19. — Cardiovascular  responses  of  Skylab  4 Pilot 
during  lower  body  negative  pressure  test  on  mission  day 
10.  Presyncopal  symptoms  led  to  termination  of  the  test 
after  nearly  4 minutes^  exposure  to  the  —50  mm  Hg 
phase. 


Figure  29-20. — Cardiovascular  responses  of  the  Skylab  4 
Scientist  Pilot  during  the  Lower  Body  Negative  Pressure 
test  on  mission  day  14.  Presyncopal  symptoms  during 
the  50  mm  Hg  negative  pressure  phase  caused  the  test 
to  be  stopped  after  almost  4 minutes  of  exposure  to  this 
level  of  negative  pressure.  The  leg  volume  increase 
reached  the  upper  limits  of  transducer  output  a few 
seconds  after  the  onset  of  30  mm  Hg  negative  pressure. 


Lower 
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negative 
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Figure  29-21. — Cardiovascular  responses  of  the  Skylab  4 
Scientist  Pilot  during  the  Lower  Body  Negative  Pressure 
test  on  mission  day  34.  Presyncopal  symptoms  occurred 
soon  after  exposure  to  50  mm  Hg  negative  pressure 
phase  which  was  terminated  after  approximately  2^ 
minutes. 


Figure  29—22. — Cardiovascular  responses  of  the  Skylab  4 
Commander  during  the  Lower  Body  Negative  Pressure 
test  on  mission  day  16.  Presyncopal  symptoms  developed 
soon  after  onset  of  the  —50  mm  Hg  phase  and  negative 
pressure  was  discontinued  after  a little  over  2 minutes  at 
this  level. 
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the  recovery  day  values.  While  calf  volume  in- 
crease reached  their  highest  postflight  value  on 
the  day  after  recovery  in  the  cases  of  the  Com- 
mander and  Pilot,  it  climbed  slightly  higher  on  the 
second  postmission  day  in  the  Scientist  Pilot. 
Thereafter,  increase  in  calf  volume  induced  by 
lower  body  negative  pressure  subsided  but  re- 
mained slightly  elevated  above  preflight  mean 
values. 


Figure  29—23. — Cardiovascular  responses  of  the  Skylab  4 
Commander  during  the  Lower  Body  Negative  Pressure 
test  on  mission  day  21.  During  this  test  he  exhibited  a 
higher  heart  rate  than  in  any  other  test.  Symptoms  did 
not  require  the  test  to  be  terminated  early.  The  50  mm 
Hg  negative  pressure  phase  was  continued  for  a full  5 
minutes  but  the  8,  16,  and  30  mm  Hg  negative  pressure 
phases  were  inadvertently  shortened. 


In  contrast  to  in-flight  patterns  of  increase  in 
calf  volume  in  which  over  one-half  of  the  total  in- 
crease had  already  occurred  at  the  end  of  the  30 
mm  Hg  negative  pressure  phase,  the  greatest  part 
of  the  postflight  total  increase  took  place  usually 
during  the  40  and  50  mm  Hg  negative  pressure 
phases.  Evidence  interpreted  as  venous  drainage 
during  the  resting  control  phase  did  not  appear 
until  tests  made  several  days  after  splashdown 
except  in  the  Commander,  where  calf  volume  pat- 
tern indicated  venous  drainage  in  the  recovery 
day  test.  Volume  declines  during  the  lower  levels 
of  lower  body  negative  pressure  thought  to  repre- 
sent active  venous  contraction  was  similarly  slow 
to  appear.  The  preflight  pattern  of  nearly  complete 
return  of  calf  volume  to  resting  control  values 
during  the  5-minute  recovery  period  after  cessa- 
tion of  negative  pressure  was  first  apparent  in  the 
Commander.  Calf  volume  during  recovery  re- 
turned nearly  to  resting  levels  during  the  recovery 
period  of  the  first  and  most  subsequent  postfiight 
tests.  Similar  patterns  in  the  Scientist  Pilot  and 
Pilot  were  considerably  delayed. 

Other  Measurements  and  Observations. — Meas- 
ured calf  circumference  after  recovery,  performed 
4,  6,  and  8 hours  after  splashdown  in  the  Com- 
mander, Scientist  Pilot,  and  Pilot,  respectively, 
was  from  0.15  to  0.25  centimeters  smaller  than 
when  determined  during  the  last  in-flight  measure- 
ments on  mission  days  82  and  83  (fig.  29-18).  All 
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Figure  29-24. — Mean  heart  rates  of  the  Skylab  4 Commander  during  the  resting  control 
and  the  50  mm  Hg  negative  pressure  phases  of  individual  Lower  Body  Negative  Pres- 
sure tests  in  the  last  part  of  the  mission  and  in  the  postflight  period. 
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showed  successively  larger  calf  circumferences 
through  the  11  days  after  recovery  with  the  ex- 
ception of  the  Scientist  Pilot  who  showed  a slight 
decrease  on  the  fifth  day  compared  to  the  fourth 
day  postflight  measurement.  The  Commander  and 
Pilot  showed  their  greatest  increment  of  increase 
between  recovery  day  and  the  day  after  while  the 
increase  in  the  Scientist  Pilot  was  more  gradual 


during  the  first  48  hours  and  greatest  between  the 
second  and  fourth  day  postrecovery  measurement. 
All  had  regained  calf  girth  from  6 or  more  percent 
to  approximately  2 percent  below  preflight  values 
by  the  fifth  day  or  in  the  case  of  the  Scientist 
Pilot  by  the  fourth  day  after  recovery. 

Volume  of  the  lower  limbs,  calculated  as  percent 
change  from  preflight  means,  was  moderately  in- 
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Figure  29-25. — Mean  heart  rates  of  the  Skylab  4 Scientist  Pilot  during  the  resting  con- 
trol and  the  50  mm  Hg  negative  pressure  phases  of  individual  Lower  Body  Negative 
Pressure  tests  in  the  last  part  of  the  mission  and  in  the  postflight  period. 
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Figure  29—26. — Mean  heart  rates  of  the  Skylab  4 Pilot  during  the  resting  control  and  the 
50  mm  Hg  negative  pressure  phases  of  individual  Lower  Body  Negative  Pressure 
tests  in  the  last  part  of  the  mission  and  in  the  postflight  period. 
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creased  at  the  time  of  the  first  postflight  measure- 
ment over  the  last  volume  measured  in-flight  a 
little  over  48  hours  earlier  in  the  Scientist  Pilot 
and  Pilot,  and  28  days  earlier  in  the  Commander 
(fig.  29-30) . All  three  postflight  volume  decreases 
on  recovery  day  measured  approximately  the  same 
as  that  of  the  Commander  of  Skylab  2 and  slightly 
less  than  that  of  the  Scientist  Pilot  of  Skylab  3 at 
their  first  postflight  measurement  3 and  4 hours, 
respectively,  after  splashdown. 


The  postflight  pattern  of  return  of  lower  limb 
volumes  toward  preflight  values  followed  a some- 
what different  pattern  than  the  gain  in  calf  girth. 
Postflight  lower  limb  volume  increased  progres- 
sively until  the  second  day,  leveled  off  or  decreased 
on  the  third  day,  and  thereafter  increased  at  a 
generally  slower  rate.  By  the  second  day,  or  a 
little  over  48  hours  after  splashdown,  a large  part 
of  the  loss  of  limb  volume  had  been  regained. 

During  the  first  postflight  test,  the  Commander 


Table  29- V. — Mean  Heart  Rates  of  the  Skylab  Jk  Crewmen  at  Rest  and 
during  the  50  mm  Hg  Phase  of  Lower  Body  Negative  Pressure  Results 
During  Preflight  and  In-flight  Tests,  during  the  Last  In-flight  Test  and 
during  each  of  the  First  Six  Postflight  Tests 
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Figure  29-27. — Mean  arterial  pressure  of  the  Skylab  4 Commander  during  the  resting 
control  and  the  50  mm  Hg  negative  pressure  phases  of  individual  Lower  Body  Nega- 
tive Pressure  tests  in  the  last  part  of  the  mission  and  in  the  postflight  period. 
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exhibited  higher  systolic  and  diastolic  pressures, 
narrower  pulse  pressure,  and  slightly  lower  heart 
rates  throughout  the  test  than  during  his  last  in- 
flight test  on  mission  day  83  (figs.  29-31,  29-32). 
The  recovery  day  test  of  the  Scientist  Pilot  pro- 
duced heart  rates  quite  similar  to  his  last  in-flight 
test  on  mission  day  82  but  a higher  diastolic  pres- 
sure and  narrower  pulse  pressure  (figs.  29-33, 
29-34).  In  the  first  postflight  test  of  the  Pilot, 
systolic  and  diastolic  pressures  remained  higher 
than  in  his  last  in-flight  test  on  mission  day  83 
until  the  40  mm  Hg  negative  pressure  phase  was 
reached.  At  that  time,  systolic  pressure  began  to 
fall  and  pulse  pressure  to  narrow  (figs.  29-35, 
29-36) . After  the  onset  of  50  mm  Hg  lower  body 
negative  pressure  systolic  and  diastolic  pressure 
fell  and  shortly  afterwards  mild  presyncopal  symp- 
toms appeared.  The  test  was  terminated  after  ap- 
proximately 1 minute  of  exposure  to  the  — 50  mm 
Hg  level.  Of  possible  significance  to  the  outcome  of 
this  test  is  the  fact  that  the  Pilot,  because  of 
scheduling  difficulties,  had  performed  low  levels 


of  supine  and  upright  bicycle  ergometry  approxi- 
mately 2 hours  earlier. 

The  tests  after  recovery  day  were  all  completed 
without  difficulty.  Judging  by  heart  rate  responses 
only,  preflight  limits  were  attained  by  the  fourth 
or  fifth  day  after  recovery.  Blood  pressure  re- 
sponses attained  these  limits  by  the  5th  or  11th 
day  postflight.  The  striking  elevation  of  systolic 
pressure  and  widening  of  pulse  pressure,  charac- 
teristically greatest  on  the  first  day  after  recovery 
following  Apollo  flights  and  on  the  first  and  sec- 
ond day  after  recovery  following  Skylab  flights, 
are  illustrated  in  figure  29-37. 

Discussion 

An  explanation  of  the  changes  in  cardiovascular 
responses  to  lower  body  negative  pressure  in  a 
weightless  environment  requires  understanding  of 
the  manner  in  which  the  systems  of  the  body  and 
their  functions  adjust  to  the  weightlessness  of 
space  flight.  A more  comprehensive  understanding 
of  these  adjustments  will,  in  turn,  require  the 
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Figure  29-28. — Mean  pulse  pressure  of  the  Skylab  4 Scientist  Pilot  during  the  resting 
control  and  the  50  mm  Hg  negative  pressure  phases  of  individual  Louver  Body  Nega- 
tive Pressure  tests  in  the  last  part  of  the  mission  and  in  the  postflight  period. 
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Figure  29—29. — Mean  arterial  pressure  of  the  Skylab  4 Pilot  during  the  resting  control 
and  the  50  mm  Hg  negative  pressure  phases  of  individual  Lower  Body  Negative 
Pressure  test  in  the  last  part  of  the  mission  and  in  the  postflight  period. 


correlation  of  massive  volumes  of  data  from  all  of 
the  Skylab  experiments,  a task  of  monumental 
proportions  which  has  barely  been  started. 

Measurements  of  calf  circumference  of  Skylab 
crewmen  on  the  fourth  to  sixth  day  of  flight  re- 


Irvflight  Postflight 


Figure  29-30. — Percentage  change  in  volume  of  the  lower 
limbs  showing  volumes  measured  in  the  last  third  of  the 
flight  and  the  postflight  return  of  volume  toward  pre- 
flight values  (Skylab  4).  Volumes  of  lower  limbs  of  the 
Commander  of  Skylab  2 and  the  Scientist  Pilot  of  Skylab 
3,  are  shown  for  comparison. 


vealed  decreases  of  such  magnitude  that  they  could 
only  result  from  loss  of  fluid.  These  rapid  reduc- 
tions of  calf  girth  amounted  to  a mean  of  1.1 
centimeters  or  3.0  percent  below  preflight  values. 
If  volume  losses  from  the  measured  portion  of  the 
lower  limbs  had  declined  in  proportion  to  decrease 


Figure  29—31. — CZardiovascular  responses  of  the  Skylab  4 
Commander  during  his  last  in-flight  test  on  mission 
day  83. 
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Figure  29—32. — Cardiovascular  responses  of  ihe  Skylab  4 Figure  29^35. — Cardiovascular  responses  of  the  Skylab  4 

Commander  during  his  first  postflight  test  4 hours  after  Pilot  during  his  last  in-flight  test  on  mission  day  83. 
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Figure  29-33. — Cardiovascular  responses  of  the  Skylab  4 
Scientist  Pilot  during  his  last  in-flight  test  on  mission 
day  82. 


Figure  29-36. — Cardiovascular  responses  of  the  Skylab  4 
Pilot  during  his  first  postflight  test  8 hours  after  recovery. 
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Figure  29-34. — Cardiovascular  responses  of  the  Skylab  4 
Scientist  Pilot  during  his  first  postflight  test  6 hours  after 
recovery. 
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Figure  29—37. — Cardiovascular  responses  of  the  Skylab  4 
Commander  during  his  second  postflight  test. 
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in  calf  volume  a mean  estimated  loss  of  more  than 
1 liter  would  have  occurred.  Volumes  of  the  lower 
limbs  as  actually  measured  in-flight  by  the  Skylab 
4 crewmen  indicated  somewhat  greater  losses, 
ranging  between  1400  and  2000  milliliters  within 
the  first  few  days  of  flight.  Both  types  of  measure- 
ment support  a very  early  loss  from  the  lower 
limbs  of  a relatively  large  volume  of  fluid.  In-flight 
observations  of  a full  feeling  of  the  head,  nasal, 
and  ocular  congestion,  and  distention  of  head  and 
neck  veins  suggest  that  a process  of  headward 
fluid  migration  out  of  the  lower  extremities  must 
begin  simultaneously  with  achievement  of  weight- 
lessness. 

Increased  outflow  from  veins  of  the  legs  tends 
to  reduce  local  venous  pressure  and  in  turn  pres- 
sure on  the  venous  side  of  the  local  capillary  bed, 
a condition  which  promotes  the  transfer  of  inter- 
stitial fluid  into  the  capillaries.  Capillary  exchange 
of  fluids  is  a highly  dynamic  process  capable  of 
moving  large  volumes  of  fluid  very  rapidly  in 
either  direction  between  capillaries  and  surround- 
ing tissue.  Such  transfer  of  fluid  would  continue  to 
replenish  venous  channels  as  their  contents  shifted 
upward  until  local  tissue  pressure  declined  to  the 
level  of  venous  pressure.  The  flow  of  lymph  toward 
the  central  circulation  would  also  be  expected  to 
increase.  Thus,  interstitial  fluid,  lymph,  and  blood 
can  participate  in  the  rapid  outflow  of  fluid  and 
consequent  reduction  of  lower  limb  volume. 

Veins  in  regions  above  the  heart  are  not  nor- 
mally subjected  to  venous  pressure  increases  of 
more  than  small  magnitudes  and,  except  during 
recumbency,  are  not  filled.  Photographs  and  de- 
scriptions by  the  astronauts  indicate,  however,  that 
cervical  and  cranial  veins  became  distended  early 
in-flight  and  remained  distended  throughout  flight. 
These  superficial  veins  and  presumably  others  in 
the  upper  part  of  the  body  appear  then  to  accom- 
modate a significant  portion  of  the  fluids  shifted 
upward  from  the  lower  body.  Edema  of  the  eye- 
lids and  periorbital  tissues,  also  apparent  from 
in-flight  photographs,  indicate  that  venous  and 
intracapillary  pressure  in  these  regions  are  at  least 
transiently  increased  and  that  interstitial  spaces 
in  the  upper  body  also  participate  in  storing  fluid 
displaced  to  that  region. 

Whether  and  to  what  extent  the  pulmonary  ves- 
sels also  accommodate  blood  beyond  their  normal 
storage  capacity  of  700  to  800  milliliters  of  blood 


are  unanswered  and  important  questions  remain. 
Modest  reductions  in  vital  capacity  during  flight 
(ch.  37  Sawin,  et  al.)  suggest  that  they  do.  In  the 
acute  expansion  of  blood  volume  by  infusion,  the 
lungs  appear  to  be  spared  and  the  expanded  blood 
volume  is  accommodated  largely  by  systemic  veins 
while  in  chronic  circulatory  congestion  with  nor- 
mal hearts,  the  lungs  seem  to  share  in  accom- 
modating the  expanded  blood  volume  (ref.  6). 
Whatever  the  total  blood  volume  in  weightlessness, 
the  pulmonary  circulation  must,  at  some  time  dur- 
ing adaptation  to  weightlessness,  react  as  if  total 
blood  volume  was  increased. 

At  some  time  early  in  the  process  of  these  re- 
gional shifts  of  fluid  volume,  atrial  return  and 
cardiac  output  must  transiently  increase.  Whether 
atrial  distention  initiated  neurohormonal  stimula- 
tion of  diuresis  seems  uncertain  from  available 
Skylab  data  at  this  time.  Hemoglobin  increases  in 
blood  samples  taken  in-flight  suggest  that  hemo- 
concentration  occurred  relatively  early  in-flight 
(ch.  28  Kimzey,  et  al.).  Whether  plasma  volume 
is  reduced  chiefly  by  diuresis  or  through  other 
mechanisms  is  not  clear.  The  low  humidity  of  the 
Skylab  atmosphere  and,  in  the  Skylab  2 flight,  high 
environmental  temperature,  would  be  expected  to 
lead  to  large  fluid  decreases  through  insensible 
losses  and  sweating. 

High  pressure  baroceptors,  especially  those  of 
the  carotid  arteries,  should  initially  sense  the  ab- 
sence of  hydrostatic  forces  as  an  elevated  arterial 
pressure  and  initiate  reflexes  to  reduce  pressure 
and  heart  rate.  Such  an  event  was  not  observed  in 
Skylab  cardiovascular  examinations  but  it  would 
probably  have  occurred  too  early  and  transiently 
for  detection. 

Much  of  the  more  dynamic  changes  of  the  type 
discussed  must  have  already  taken  place  before 
the  earliest  Lower  Body  Negative  Pressure  tests 
could  be  performed.  The  results  of  these  tests  sug- 
gest, however,  that  profound  changes  in  circula- 
tory dynamics  continued  to  occur  throughout  much 
of  the  flight.  Vigorous  daily  activities  must  also 
have  impacted  temporarily  any  equilibrium  that 
had  been  reached. 

One  can  postulate  with  reasonable  certainty, 
however,  that  by  the  time  of  the  first  in-flight 
Lower  Body  Negative  Pressure  tests,  total  circulat- 
ing blood  volume  had  been  reduced,  some  hemo- 
concentration  had  occurred,  and  at  least  a 
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significant  fraction  of  fluids  previously  located  in 
the  legs  was  now  accommodated  by  veins  and 
interstitial  tissues  of  the  upper  part  of  the  body. 
Whether  these  fluids  were  available  to  supplement 
circulating  blood  volume  during  lower  body  nega- 
tive pressure  is  an  unanswered  question  of  great 
importance  to  understanding  the  lower  body  nega- 
tive pressure  results. 

Lower  body  negative  pressure  stresses  the  car- 
diovascular system  by  reducing  effective  circulat- 
ing blood  volume  as  blood  is  segregated  in  the 
veins  of  the  lower  half  of  the  body.  Reduced  return 
of  blood  to  the  right  heart  results  in  reduced 
cardiac  output  comparable  to  that  which  occurs 
during  orthostasis  in  a gravity  field  (ref.  7).  The 
volume  of  blood  thus  diverted  must  be  a determin- 
ing factor  in  the  degree  of  stress  produced. 

The  measurement  of  calf  volume  increases  dur- 
ing lower  body  negative  pressure  should  furnish 
an  index  to  at  least  estimate  the  magnitude  of  this 
pooled  volume.  Calf  volume  increased  by  consid- 
erably greater  percentages  during  in-flight  lower 
body  negative  pressure  than  in  preflight  tests. 
This  change  was  apparent  during  the  earliest  in- 
flight tests,  persisted  throughout  flight,  and  dimin- 
ished again  in  postflight  tests.  Moreover,  a large 
fraction  of  the  total  volume  change  in-flight  oc- 
curred during  the  first  2 minutes  of  lower  body 
negative  pressure  when  negative  pressures  were 
smallest.  The  most  plausible  explanation  for  the 
latter  changes  seems  to  lie  in  a relatively  empty 
venous  system  in  the  legs  at  the  beginning  of  the 
tests. 

Veins  require  only  low  transmural  pressures  to 
retain  their  circular  configuration.  If  lower  pres- 
sures prevail,  they  tend  to  become  elliptical  or  flat 
(ref.  8).  In  this  state,  relatively  large  volumes  of 
blood  could  be  accommodated  before  any  change  in 
venous  pressure  occurred.  This  so-called  zone  of 
free  distensibility,  which  does  not  involve  stretch- 
ing of  venous  wall  muscle,  probably  accounts  for 
the  large  volume  increases  in  the  calf  at  the  slight 
negative  pressure  levels  as  discussed  above.  The 
volume  of  this  zone  of  free  distensibility,  even 
during  the  alterations  taking  place  due  to  weight- 
lessness, may  be  expected  to  vary  from  time  to 
time  under  the  influence  of  daily  activities.  Physi- 
cal activity  in  weightlessness  requires  minimal 
participation  of  lower  extremity  muscles.  Such 
activity  might  be  expected  to  result  in  a net  loss 


of  venous  volume  in  the  lower  extremities  with 
venous  outflow  exceeding  arterial  inflow.  Con- 
versely, due  to  higher  resting  venous  pressures  in 
the  upper  body,  periods  of  inactivity  such  as  sleep 
may  allow  some  filling  of  leg  veins,  thus  reducing 
the  zone  of  free  distensibility.  After  periods  of 
inactivity  such  as  sleep,  a smaller  volume  of  blood 
would  then  be  initially  displaced  by  lower  body 
negative  pressure  than  in  the  former  situation. 

Pertinent  to  these  considerations  is  the  observa- 
tion that  none  of  the  13  instances  of  early  termi- 
nation of  tests  due  to  presyncopal  symptoms  oc- 
curred during  tests  conducted  in  the  morning 
hours  or  within  7 hours  of  arising  from  sleep, 
although  approximately  one-third  of  all  in-flight 
tests  were  conducted  within  that  period.  These  13 
tests  were  associated  with  larger  than  usual  calf 
volume  increases  during  the  lowest  negative  pres- 
sure phases  of  the  tests.  This  suggests  that  the 
pooling  of  large  volumes  of  blood  during  the  first 
few  minutes  of  the  test  may  so  alter  the  effective- 
ness of  compensatory  cardiovascular  mechanisms 
as  to  render  them  incapable  of  adequate  respon- 
siveness to  the  greater  stress  later  in  the  test. 

The  higher  incidence  of  presyncopal  symptoms 
in  tests  conducted  7 or  more  hours  after  arising 
may  be  related  to  the  hypothesis  mentioned  earlier, 
namely  that  fluids  tend  to  migrate  back  to  the 
lower  extremities  during  the  inactivity  of  sleep 
and  that  mild  activity  after  sleep  tends  to  empty 
them  again.  That  this  may  occur  is  suggested  by 
the  observation  of  the  astronauts  that  the  symp- 
toms of  fullness  of  the  head  were  usually  absent  on 
awakening  but  returned  after  arising.  Similarly, 
vigorous  prolonged  exercise  on  the  bicycle  ergom- 
eter,  which  should  divert  a much  larger  fraction  of 
cardiac  output  to  the  muscles  of  the  lower  extremi- 
ties, temporarily  relieved  these  symptoms.  If  this 
reasoning  is  correct,  in  addition  to  long-term  al- 
terations in  fluid  volume  distributions,  fluid  vol- 
umes in  the  capacitance  vessels  and  tissues  of  the 
lower  limbs  may  be  greater  in  the  early  hours  after 
arising  than  later  in  the  day  after  activity  has 
tended  to  displace  these  fluid  volumes  headward. 

Relatively  larger  proportions  of  fluid  in  the 
lower  body  early  in  the  day  would  tend  to  limit  the 
volume  of  fluid  drawn  into  the  legs  and  out  of  the 
effective  circulating  blood  volume  by  lower  body 
negative  pressure.  Other  factors  being  equal,  tol- 
erance to  lower  body  negative  pressure  would 
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then  be  greater  in  tests  done  early  than  in  those 
conducted  late  in  the  day.  Among  the  three  astro- 
nauts, the  Commander  of  Skylab  2,  the  Pilot  of 
Skylab  3,  and  the  Commander  of  Skylab  4,  whose 
in-flight  tests  were  nominally  performed  in  the 
morning,  only  one  presyncopal  episode  occurred 
and  this  was  in  the  Commander  during  a test  per- 
formed in  the  afternoon  over  9 hours  after  arising. 
In  addition,  in  these  three  astronauts  the  heart 
rate  increases  induced  by  50  mm  Hg  negative  pres- 
sure during  their  46  in-flight  tests,  averaged  10.7 
beats  per  minute  higher  than  during  preflight 
tests.  The  other  six  astronauts  whose  tests  were 
nominally  scheduled  in  the  afternoons  exhibited 
mean  increases  of  16.5  beats  per  minute  over  pre- 
flight stressed  values  during  their  93  in-flight 
tests.  The  former  difference  does  not  reach  sta- 
tistical significance  while  the  difference  between 
in-flight  and  preflight  stressed  heart  rates  of  the 
six  latter  astronauts  was  highly  significant 
(P<0.001).  While  cardiovascular  characteristics 
of  individual  astronauts  may  account  for  these 
differences  they,  along  with  the  presyncopal  epi- 
sodes, may  also  support  the  hypothesis  that  head- 
ward  shifts  of  fluids  occur  during  the  course  of 
daytime  activities,  leading  to  decreasing  ortho- 
static tolerance  during  the  day,  and  that  fluids 
tend  to  reaccumulate  in  the  lower  body  during  the 
inactivity  of  sleep  in  a weightless  environment. 

Although  the  greatly  expanded  calf  volume 
changes  during  the  brief  8 and  16  mm  Hg  negative 
pressure  phases  of  in-flight  tests  were  most  strik- 
ing, larger  volume  changes  during  the  30,  40,  and 
50  mm  Hg  negative  pressure  phases  also  occurred 
during  in-flight  tests.  At  these  levels,  transmural 
pressures  across  venous  walls  must  result  in 
stretching  of  venous  musculature.  Increased  com- 
pliance of  the  veins,  reduced  tone  of  supporting 
muscle  in  proximity  to  the  veins,  and  diminished 
tissue  pressure  must  participate  to  varying  de- 
grees in  the  greater  calf  volume  changes  in  weight- 
lessness. The  relative  change  in  any  one  of  these 
factors  could  not  be  determined,  but  our  current 
understanding  of  the  effects  of  weightlessness  sug- 
gests that  all  three  should  be  affected.  The  larger 
residual  volume  at  the  end  of  the  recovery  period 
that  occurred  in-flight  may  reflect  a greater  out- 
flow during  lower  body  negative  pressure  of  fluid 
from  capillaries  into  tissues.  It  may  also  simply 
indicate  that  further  venous  contraction  cannot  oc- 


cur, because  the  zone  of  free  distensibility  has 
been  reached.  While  variations  in  calf  volimie  in- 
creases and  residual  volume  varied  from  test  to 
test,  a definite  trend  of  change  during  the  flight 
was  not  seen  in  the  Skylab  4 crew.  In  this  crew 
the  leg  volume  increase  during  lower  body  nega- 
tive pressure  reached  higher  levels,  particularly 
in  the  Scientist  Pilot  and  Pilot,  than  observed  in 
crewmen  of  the  first  two  flights.  Whether  the  in- 
creased exercise,  the  slower  decreases  in  calf  cir- 
cumference, and  the  smaller  weight  losses  in  the 
Skylab  4 crewmen  were  in  some  way  related  is  not 
known. 

The  volume  of  blood  pooled  in  the  lower  ex- 
tremities during  in-flight  tests  did  not  seem  to 
correlate  from  test  to  test  with  the  magnitude  of 
heart  rate  or  blood  pressure  change  during  lower 
body  negative  pressure.  In  general,  however,  those 
of  the  nine  Skylab  astronauts  with  the  greatest 
increases  in  calf  volume  during  the  in-flight  tests 
also  showed  the  greatest  increases  in  heart  rate 
and  changes  in  blood  pressure.  In  addition,  al- 
though correlation  of  heart  rate  increases  with  leg 
volume  increases  was  not  evident  in  preflight  tests, 
the  crewmen  whose  calf  volume  increases  were 
greatest  in  preflight  tests  usually  also  showed  the 
largest  increases  during  the  in-flight  tests. 

In-flight  resting  heart  rates  of  the  three  Skylab 
4 crewmen,  like  those  of  Skylab  3,  were  elevated 
significantly  over  preflight  resting  rates.  Elevation 
of  resting  systolic  blood  pressure  and  pulse  pres- 
sure along  with  decreases  in  diastolic  pressure  and 
mean  arterial  pressure,  changes  seen  in  the  ma- 
jority of  the  Skylab  2 and  Skylab  3 crewmen, 
occurred  in  all  three  Skylab  4 crewmen,  though 
not  always  to  a statistically  significant  degree. 
Such  changes  are  compatible  with  increased  stroke 
volume  and  lowered  peripheral  resistance  due  to 
increased  cross  section  of  the  resistance  vessels 
(ref.  9).  If  stroke  volume  was  increased,  a signif- 
icant increase  in  cardiac  output  was  present  at 
rest.  There  would  appear  to  be  no  need  for  in- 
creased cardiac  output  in  terms  of  higher  oxygen 
requirements  under  these  conditions.  A plausible 
and  entirely  hypothetical  explanation  of  this  ap- 
parent paradox  postulates  an  alteration  in  the 
distribution  of  cardiac  output  secondary  to  weight- 
lessness and  the  changed  distribution  of  blood 
volume.  If  blood  flow  to  the  upper  body  is  increased 
beyond  the  requirement  for  oxygen  or  thermal 
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reflation,  opening  up  and  dilatation  of  normally 
closed  arteriovenous  channels  in  the  upper  body 
would  lead  to  a blood  pressure  pattern  of  the  type 
observed  in  the  arms  and  conceivably  shunt  blood 
to  venous  channels  in  quantities  sufficient  to  ele- 
vate cardiac  output.  Such  a condition  would  be 
most  apt  to  be  obtained  during  rest. 

The  in-flight  mean  increase  in  heart  rate  during 
50  mm  Hg  lower  body  negative  pressure  over  rest- 
ing rates  for  all  nine  Skylab  crewmen  averaged 
20.4  beats  per  minute,  a highly  significant  differ- 
ence. The  increase  in  heart  rate  during  orthostatic 
stress  has  generally  proven  to  be  the  best  single 
index  in  the  assessment  of  orthostatic  tolerance. 
According  to  reports  of  the  Skylab  4 crewmen,  30 
mm  Hg  lower  body  negative  pressure  in-flight 
produced  a stress  subjectively  similar  to  the  —50 
mm  Hg  level  preflight.  Comparison  of  mean  heart 
rates  for  the  three  crewmen  revealed  that  in-flight 
heart  rates  at  —30  mm  Hg.  slightly  exceeded  those 
in  preflight  tests  at  —50  mm  Hg,  although  the 
difference  from  resting  values  in-flight  was  slightly 
less  than  the  difference  preflight  at  these  negative 
pressure  levels.  Greater  reductions  of  mean  in- 
flight stressed  systolic  pressure  and  pulse  pressure 
also  indicated  that  50  mm  Hg  negative  pressure  in- 
flight represented  a considerably  greater  stress 
than  the  same  level  of  lower  body  negative  pres- 
sure preflight. 

The  periodic  major  fluctuations  of  resting  and 
stressed  heart  rates  and  blood  pressures  observed 
in  previous  flights  occurred  in  the  Skylab  4 crew- 
men also.  The  pattern  of  these  fluctuations  varied 
for  each  crewman,  but  their  magnitude  and  fre- 
quency were  greater  during  the  first  part  of  the 
mission  than  later.  Their  nature  and  significance 
is  unknown,  but,  in  the  case  of  the  Skylab  4 crew- 
men, their  prominence  and  duration  appeared  to 
decrease  as  cardiovascular  responses  to  in-flight 
lower  body  negative  pressure  stabilized.  Adapta- 
tion of  physiological  systems  to  repetitive  acute 
stress  characteristically  involves  a series  of  physi- 
ological oscillations  between  overcompensation 
and  undercompensation  which  gradually  decline 
in  magnitude  until  an  optimal  accommodation  is 
reached.  Oscillating  patterns  of  less  pronounced 
degree  were  also  seen  in  the  three  astronauts  re- 
ceiving lower  body  negative  pressure  at  3-day  in- 
tervals in  the  56-day  Skylab  Medical  Experiments 
Altitude  Test  (SMEAT)  (ref.  10). 


In  tests  in  which  presyncopal  symptoms  required 
that  the  test  be  discontinued,  recovery  was 
prompt  and  complete.  In  each  instance,  the  subject 
pushed  the  emergency  relief  valve  although  by  then 
warning  declines  in  heart  rate  and  systolic  pres- 
sure were  usually  apparent  to  the  observer.  Early 
forebodings  concerning  possible  harm  to  the  astro- 
naut had  assured  provision  for  adequate  monitor- 
ing displays  and  hardware  safety  features. 

Postflight  findings  for  Skylab  4 crewmen  were 
remarkable  for  the  relatively  small  loss  of  ortho- 
static tolerance  and  the  rapid  return  of  related 
cardiovascular  parameters  to  preflight  limits.  Loss 
of  calf  girth  was  no  greater  than  had  been  ob- 
served in  the  59-day  Skylab  mission.  Losses  in 
volume  of  the  lower  limb  as  measured  on  recovery 
day  were  slightly  smaller  than  in  crewmen  of  the 
59-day  Skylab  3 mission. 

Blood  pressure  responses  were  similar  to  those 
seen  postflight  in  previous  missions  with  marked 
elevations  of  resting  systolic  and  diastolic  pres- 
sures and,  during  negative  pressure  stress,  addi- 
tional large  increases  in  diastolic  pressure.  Calf 
volume  increases  during  lower  body  negative  pres- 
sure were  small  during  the  recoveiy  day  test,  but 
thereafter  usually  somewhat  above  preflight  levels 
during  several  successive  tests. 

The  heart  rate  and  blood  pressure  responses  dur- 
ing lower  body  negative  pressure  postflight  indi- 
cated intense  sympathetic  activity  and  an  adequate 
cardiac  and  peripheral  arteriolar  response.  The 
intensity  of  these  responses  paralleled  those  seen 
in  the  first  weeks  of  flight  despite  evidence  that 
the  volume  of  blood  displaced  to  the  lower  body 
was  much  smaller  postflight  than  in  weightless- 
ness. It  seems  probable  that  even  brief  periods  of 
orthostasis  initiate  the  process  of  shifting  fluids 
footward.  Relatively  dehydrated  tissues  in  the 
lower  body  undoubtedly  accept  large  volumes  of 
fluid  when  venous  pressure  in  the  lower  extremi- 
ties rises  for  even  brief  periods  of  time,  creating 
the  effect  of  a sudden  hemorrhage  in  the  face  of 
an  already  contracted  blood  volume.  Baroceptor 
mechanisms,  particularly  those  involving  the 
carotid  sinus,  long  adjusted  to  the  higher  pres- 
sures experienced  in  weightlessness,  may  for  a 
time  exhibit  increased  sensitivity  to  the  reduction 
in  pressure  associated  with  the  reappearance  of 
hydrostatic  pressures  in  body  fluids.  Baroceptor 
responses  may  cause  intense  venoconstriction  as 


LOWER  BODY  NEGATIVE  PRESSURE ; THIRD  MANNED  SKYLAB  MISSION 


311 


well  as  arteriolar  restriction  and  thus  limit  both 
inflow  and  capacity  of  the  venous  system.  In  ad- 
dition, during  in-flight  tests,  thei'e  was  evidence 
that  even  though  total  blood  volume  was  reduced, 
blood  volume  in  the  upper  body  may  actually  be 
expanded  and  thus  fui’nish  a larger  available 
reservoir  from  which  to  supply  blood  to  the  lower 
body  during  lower  body  negative  pressure  than  in 
the  early  postflight  period. 

The  experience  of  Skylab  indicates  that  protec- 
tion against  orthostatic  forces  during  the  first  few 
hours  postflight  not  only  serves  to  prevent  ortho- 
static hypotension  but  may  play  ah  important  role 
in  cushioning  the  cardiovascular  effects  of  return 
to  gravity  by  preventing  sudden  large  shifts  of 
intravascular  fluids  to  lower  extremity  vessels  and 
extravascular  tissues.  Recumbency  and  the  use  of 
external  pressure  to  counteract  hydrostatic  forces 
while  in  the  upright  position  retard  these  readap- 
tive  changes  which,  if  allowed  to  take  place  rapidly, 
can  only  accentuate  the  adverse  effects  of  an  in- 
adequate circulating  blood  volume. 

The  Skylab  missions  provided  the  first  Ameri- 
can opportunity  for  detailed  studies  of  the  cardio- 
vascular system  during  the  course  of  prolonged 
exposure  to  weightlessness.  Basic  questions  con- 
cerning the  cardiovascular  adaptations  to  this  en- 
vironment have  been  answered.  For  example,  a 
better  understanding  of  the  lack  of  correlation 
between  postflight  decrements  in  orthostatic  tol- 
erance and  flight  exposures  of  from  a few  to  14 
days  was  gained.  Skylab  studies  have  clearly 
shown  that  changes  in  fluid  volume  distribution 
during  the  first  few  hours  of  flight  creates  pro- 
found alterations  in  cardiovascular  functions 
which  in  turn,  impair  orthostatic  mechanisms  to 
a marked  degree  as  early  as  4 or  5 days  after  enter- 
ing the  weightless  environment. 

As  anticipated,  even  though  the  understanding 
of  cardiovascular  responses  to  the  conditions  of 
space  flight  and  to  stresses  resembling  orthostasis 
has  been  significantly  advanced,  Skylab  studies 
have  raised  other  questions  that  have  never  before 
been  asked;  for  example,  those  regarding  altered 
vascular  flow  and  pressure  relationships  and  pat- 
terns. Space  flight  furnishes  an  environment  for 
cardiovascular  study  which  can  be  produced  in  no 
other  way.  It  is  difficult  to  imagine  that  increased 
understanding  of  cardiovascular  function  and  con- 
trol mechanisms,  as  they  are  altered  in  weightless- 


ness, will  not  in  the  future  become  relevant  to  the 
cardiovascular  problems  that  face  us  on  Earth. 

Conclusions 

1.  The  Skylab  Lower  Body  Negative  Pressui’e  ex- 
periment demonstrated  that  loss  of  orthostatic 
tolerance  had  already  developed  by  the  time  of  the 
first  tests  after  4 to  6 days  of  flight.  Cardiovascu- 
lar responses  to  lower  body  negative  pi’essure 
showed  the  greatest  instability  and  orthostatic 
tolerance  the  greatest  decrement  during  the  first 
3 weeks  of  flight.  After  approximately  5 to  7 weeks, 
cardiovascular  responses  became  more  stable  and 
evidence  of  improving  orthostatic  tolerance  ap- 
peared. 

2.  In-flight  data  from  the  Lower  Body  Negative 
Pressure  experiment  proved  to  be  useful  not  only 
in  predicting  the  early  postflight  status  of  ortho- 
static tolerance,  but  also  in  the  in-flight  assess- 
ment of  crew  health  status. 

3.  The  marked  increases  in  calf  volume  induced 
by  in-flight  lower  body  negative  pressure  appeared 
to  be  secondary  to  large  headward  shifts  of  fluid 
from  the  lower  body  as  a result  of  weightlessness. 
Judged  by  objective  as  well  as  subjective  evi- 
dence, in-flight  lower  body  negative  pressure  pre- 
sented a much  greater  stress  to  the  cardiovascular 
system  than  the  same  levels  of  negative  pi’essure 
during  preflight  tests. 

4.  Measurements  of  calf  girth  and,  in  Skylab  4, 
of  the  lower  limbs  confirmed  an  early,  large  reduc- 
tion of  lower  limb  volume.  The  beginning  of  this 
fluid  shift  appeared  to  correlate  temporally  with 
the  onset  of  signs  and  symptoms  of  congestion  of 
the  head  and  neck. 

5.  At  rest,  in-flight  mean  resting  heart  rates, 
systolic  blood  pressures,  and  pulse  pressures  were 
typically  increased  while  diastolic  and  mean  arte- 
rial pressures  decreased  compared  to  preflight 
values  in  all  three  Skylab  4 crewmen  and  in  the 
majority  of  the  other  Skylab  crewmen.  Differences 
in  in-flight  responses  to  lower  body  negative  pres- 
sure stress  from  preflight  responses  included 
greater  heart  rate  and  leg  volume  increases  in  all 
crewmen  and,  in  most,  higher  diastolic  pressures 
and  mean  arterial  pressures  and  lower  systolic 
blood  pressui’es  and  pulse  pressures. 
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This  M092  report  extends  our  data  base  with 
extensive  vectorcardiographic  recordings  on 
all  nine,  supine  resting  astronauts  subjected  peri- 
odically to  lower  body  negative  pressure  stress. 

Electrocardiographic  interval  changes  suggest- 
ing effects  of  increased  vagal  tone  were  observed 
early  in  some  Gemini  crewmembers  (ref.  1). 
Preflight  versus  postflight  amplitude  differences 
appeared  in  electrocardiograms  of  several  of  the 
early  Apollo  crewmembers.  In  preflight  and  post- 
flight crew  evaluations  of  the  last  three  Apollo 
flights,  quantitative  postflight  vectorcardio- 
graphic changes  were  for  the  first  time  deter- 
mined in  American  space  crews.  Changes  not 
considered  related  to  heart  rate  were  mainly 
those  of  increased  P and  QRS  vector  magnitudes 
and  orientation  shifts.  But  since  most  of  these 
postflight  findings  resembled  those  observed  with 
the  orthostatic  stress  of  lower  body  negative  pres- 
sure, it  was  inferred  then  that  upon  their  return 
from  space,  these  Apollo  astronauts  exhibited 
exaggerated  responses  to  orthostasis  in  the  vec- 
torcardiogram as  well  as  in  measures  of  cardio- 
vascular hemodynamics  (ref.  2).  No  explicit 
information  on  in-flight  vectorcardiographic 
changes  or  on  in-flight  influence  upon  postflight 
findings  existed  before  Skylab  to  help  resolve  the 
question. 

Methods 

A specially  designed  Frank  lead  vectorcardio- 
graph system  (ref.  3)  was  used  in  the  car- 

• NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


diovascular  evaluation  for  assessing  orthostatic 
tolerance  for  all  Skylab  crewmen.  Safety  and 
reliability  features  commensurate  with  other 
space  hardware  were  added ; the  only  other  modi- 
fication was  the  shifting  of  leg  electrodes  to  the 
“presacral”  area  to  obtain  greater  stability  of 
signals  during  the  exercise  experiments  M093  and 
M171;  body  sites  were  pennanently  marked  to 
assure  consistency  in  repeated  application  of  elec- 
trodes. System  controls  provided  individual  elec- 
trode impedance  checks  and  continual  digital 
heart  rate  readout  selectable  from  either  of  the 
three  leads  since  no  onboard  display  of  analog 
signal  was  available  in  the  Experiment  Support 
System  for  crew  monitoring.  Discrete  gain  set- 
tings for  each  lead  allowed  some  degree  of  opti- 
mization for  individual  signal  amplitude.  All  data 
were  recorded  primarily  on  digital  magnetic  tape 
with  a sample  frequency  of  320  samples  per  sec- 
ond per  channel  (limit  of  Skylab  capability) ; in- 
flight data  were  telemetered  from  onboard 
recordings  to  ground  ti'acking  stations  as  they 
became  accessible.  Real-time  ground  monitoring  of 
in-flight  data,  therefore,  could  be  randomly  avail- 
able for  only  relatively  short  periods.  Data  from 
complete  experiment  protocols  were  rarely  seen  in 
real-time. 

Every  test  protocol  consisted  of  25  minutes  of 
data  recording,  broken  into  five,  5-minute  periods 
for  vectorcai’diographic  analysis.  This  provided 
a resting  supine  control  period,  three  graded 
levels  of  lower  body  negative  pressure  stress,  and 
a final  period  of  recovery  at  ambient  pressure 
(ch.  29).  The  first  2 minutes  at  lower  levels  of 
lower  body  negative  pressure  were  included  as 
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part  of  the  first  major  stress  period  for  vector- 
cardiographic  analysis. 

Each  astronaut  trained  both  as  subject  and 
observer  in  a one-g  flight  simulator  of  the  Sky  lab 
Orbital  Workshop  beginning  about  6 months  be- 
fore the  launch  of  his  flight.  Five  to  seven  pre- 
flight vectorcardiographic  recordings  during  the 
lower  body  negative  pressure  protocol  were  ob- 
tained during  this  period  from  each  crewman  to 
establish  his  normal  vectorcardiogram  and  vari- 
ance. Three  of  these  recording  sessions  were 
scheduled  in  the  month  preceding  launch,  with 
the  last  session  approximately  5 days  before 
launch. 

The  earliest  in-flight  Lower  Body  Negative  Pres- 
sure tests  were  performed  on  the  fourth  to  sixth 
day  in  orbit  for  each  crewman;  thereafter  in- 
flight tests  were  conducted  approximately  every 
third  day.  Postflight  tests  were  accomplished 
aboard  ship  on  recovery  day  as  soon  as  possible 
after  splashdown  and  on  the  succeeding  2 days. 
Return  to  the  Johnson  Space  Center  usually  oc- 
curred on  the  third  day  postflight.  Subsequent 
postflight  tests  were  done  on  the  fourth  and  fifth 
days  postflight  and  on  at  least  3 additional  days, 
as  late  as  1 to  2 months  after  recovery.  Flight 
related  test  dates  were  not  necessarily  the  same 
for  all  crewmen.  All  postflight  tests  utilized  Sky- 
lab  hardware  outfitted  in  a mobile  laboratory. 
The  separate  systems  of  hardware  were  of  iden- 
tical design  and  departures  from  equivalence  lay 
only  in  necessary  elements  peculiar  to  one-g  or 
zero-g  environment  operations,  e.g.,  use  of  one-g 
upper  torso  support  dolly  for  test  subject  during 
lower  body  negative  pressure  testing  preflight 
and  postflight. 

All  digital  recordings  were  processed  by  a 
previously  developed  computer  program  called 
VECTAN  (ref.  4)  which  analyzed  the  three- 
dimensional  spatial  entity  rather  than  planar 
projections  in  order  to  obviate  perspective  distor- 
tions. VECTAN  has  been  verified  with  ground- 
based  studies  as  well  as  with  Apollo  and  Skylab 
Medical  Experiments  Altitude  Test  usage.  The 
program  basically  reconstructs  the  mathematical 
elements  of  the  spatial  P-QRS-T  vector  loops 
(fig.  30-1)  which  include  standard  time  intervals, 
vector  magnitudes  and  orientations,  calculated 
areas  and  circumferences,  and  other  quantitative 
parameters.  These  data  are  computed  from  the 


spatial  vector  for  every  complex  analyzed  (one 
every  5 seconds)  (fig.  30-2)  and  summarized 
statistically  over  discrete  protocol  periods  for  every 
Lower  Body  Negative  Pressure  test  and  subse- 
quently for  every  subject  according  to  flight  phase 
(preflight,  in-flight,  or  postflight),  test  means, 
and/or  trends.  Finally,  group  mean  values  for 


Figure  30-1. — Vectorcardiogram  P-QRS-T  loops  in  three- 
dimensional  space  with  three  planar  projections. 


Figure  30—2. — Vectorcardiogram  spatial  vector  length  in 
scalar  form  for  one  complete  P— QRS— T cycle.  This  deriva- 
tive from  the  three  orthogonal  scalar  leads  is  the  basis 
for  all  computer  analyses  in  this  experiment  (M092 
VCG).  MAX  P,  MAX  R,  and  MAX  T are  respective  spatial 
maxima  of  the  P,  QRS,  and  T loops.  PR  mean  region  is 
the  computer  null  voltage  reference.  PB,  QRS  B,  and  TB 
are  beginning;  and  PE,  QRS  E,  and  TE  are  ending;  fidu- 
cial times  for  the  respective  loop  components.  Tl,  T2, 
Ml,  and  M2  are  respective  threshold  and  modal  voltage 
values  employed  in  the  computer  program.  From  these 
basic  elements  and  the  original  orthogonal  scalar  data 
essentially  all  aspects  of  the  P— QRS— T complex  may  be 
described  mathematically  in  three-dimensional  space. 
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comparable  flight  phases  have  been  calculated  us- 
ing the  data  from  all  nine  crewmen. 

Standard  statistical  procedures  have  been  used 
to  establish  in-flight  and  postflight  differences 
from  preflight  values.  For  the  most  part  two  basic 
considerations  were  dealt  with  using  selected  vec- 
torcardiographic  parameters: 

1.  The  effect  of  space  flight  itself.  Answering 

this  query  has  been  attempted  by  calculat- 
ing the  in-flight  (or  postflight)  minus  pre- 
flight difference  in  the  resting  phase  only, 
since  it  has  been  assumed  that  the  vector- 
cardiogram recorded  on  resting,  supine 
subjects  in  Earth  gravity  is  likely  the  clos- 
est approximation  obtainable  to  the  vector- 
cardiogram recorded  on  the  same  resting 
subject  in  space.  Each  subject  was  thereby 
his  own  control ; the  Student’s  paired  t-test 
was  used  to  test  for  statistical  significance. 

2.  The  effect  of  lower  body  negative  pressure 

orthostatic  stress.  Since  the  test  subject 
experienced  no  alterations  in  body  orienta- 
tion, vectorcardiographic  changes  evi- 
denced during  application  of  lower  body 
negative  pressure  should  be  fairly  dis- 
cretely attributed  to  footward  shifts  of 
fluid  and  body  mass,  in  space  or  on  Earth. 
Differences  between  vectorcardiographic 
measurements  at  50  mm  Hg  of  lower  body 
negative  pressure  and  at  rest  were  also 
amenable  to  statistical  analysis  by  the 
paired  t-test.  Effects  of  various  condition 
combinations  were  observed  as  vectorcar- 
diographic changes  during  lower  body 
negative  pressure  stress,  in  the  space  en- 
vironment itself,  and  after  entry. 

Throughout  these  data  analyses  it  has  been 
assumed  that  all  three  Skylab  crews,  despite 
widely  varying  mission  lengths  and  the  high 
ambient  temperatures  for  the  initial  portion  of 
the  Skylab  2 mission,  experienced  the  same  space 
stresses  and  that  their  physiologic  responses 
should  have  been  at  least  qualitatively  similar. 
Using  these  premises,  statistical  comparisons 
have  been  made  primarily  on  group  (nine  crew- 
men) mean  values.  In  recognition  of  the  differences 
in  mission  durations,  and  of  the  possibility  of 
trend  changes,  in-flight  means  as  well  as  single  test 
values  early  and  late  in  each  orbital  period  have 


been  compared  separately  with  preflight  mean 
references. 

Results 

Heart  rate  responses  to  lower  body  negative 
pressure  are  presented  in  table  30-1.  It  is  suffi- 
cient to  reiterate  here  that,  compared  to  supine 
resting  preflight  values,  resting  heart  rates  were 
elevated  18  percent  in-flight  for  the  Skylab  3 and 
Skylab  4 crewmen,  and  generally  elevated  3 per- 
cent in  the  early  postflight  period  for  all  nine 
Skylab  astronauts.  However,  all  of  the  Skylab  2 
crewmen  differed  somewhat  in-flight  by  showing 
decreased  resting  heart  rates ; the  average  differ- 
ence between  in-flight  and  preflight  resting  heart 
rates  of  the  Skylab  2 crewmen  was  significantly  (P 
<0.001)  different  from  the  same  average  differ- 
ence for  the  other  six  crewmen. 

During  lower  body  negative  pressure  stress, 
heart  rates  were  always  elevated  to  20  to  50  per- 
cent over  their  corresponding  resting  values,  re- 
gardless of  flight  phase;  however,  a tendency 
toward  greater  than  preflight  stressed  increases 
was  evident  in-flight  and  immediately  postflight. 

The  PR  interval  (table  30-1)  exhibited  moder- 
ate reciprocal  changes  with  heart  rate,  decreasing 
significantly  (4  to  10  percent)  during  lower  body 
negative  pressure  stress  for  all  but  two  crewmen 
(Skylab  2 Commander  and  Pilot).  Though 
changes  in  the  resting  PR  interval  in-flight  were 
individually  sporadic  and  averaged  some  2 per- 
cent less  than  preflight  values  for  the  earliest 
in-flight  tests,  mean  in-flight  values  were  signifi- 
cantly greater  (4  percent,  P<0.025)  than  pre- 
flight. There  was,  however,  no  clear  time  trend 
throughout  the  missions  nor  distinct  relationship 
to  duration  of  flight. 

The  in-flight  resting  values  of  the  QRS  duration 
(table  30-1) , averaged  slightly  less  than  2 percent 
below  the  preflight  counterpart;  no  consistent  or 
significant  pattern  of  change  with  respect  to 
flight  phase  was  seen.  However,  a modest  but 
significant  (P<0.02)  decrease  averaging  about 
5 percent  (in  absolute  value),  occurred  almost 
universally  with  the  application  of  lower  body 
negative  pressure. 

The  absolute  QT  interval  (table  30-1)  was 
also  uniformly  decreased  (6  to  15  percent)  during 
lower  body  negative  pressure  stress  whenever  the 
heart  rate  was  elevated;  this  response  followed 
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Table  30-1. — Temporal  Measurements  of  the  Vectorcardiogram 

Percentage  changes  from  the  nine  crewmen  group  mean,  pre flight,  supine  resting  values  (as  reference)  of  averages  for 
heart  rate,  PR  interval,  QRS  duration,  and  QT  interval  (basic,  and  heart  rate  corrected,  QTc)  during  designated  treat- 
ment condition. 


Vectorcardiogram 

measurement 

Pre  flight 
reference 
values 

supine,  resting 
mean±S.D. 

Change  after  designated  condition  (percent) 

Condition = LBNP 

Condition = Flight 

Preflight 

In-flight 

Postflight 

R-¥0 

In-flight 

Postflight 
R + O 

X 

P 

X n 

IC  (>) 

X 

P 

X 

P 

Heart  rate  (bpm) 

56±  6 

-H20 

<0.001 

+ 54 

+ 57 

+ 9 

NS 

+ 2 

NS 

PR  interval  (ms) 

148  ±16 

-11 

<0.01 

-6 

-5 

+ 3 

<0.025 

+ 2 

NS 

QRS  duration  (ms) 

98±  8 

-6 

<0.001 

-6 

-4 

-3 

NS 

+ 2 

NS 

QT  interval  (ms) 

419  ±20 

-6 

<0.001 

-13 

-14 

-2 

NS 

-1 

NS 

QTo  interval  (ms) 

402  ±13 

+ 2 

<0.001 

+ 7 

+ 7 

+ 2 

<0.01 

+ 0 

NS 

^ P values  were  not  computed  for  these  comparisons  because  percentage  changes  are  reckoned  from  preflight  resting  references,  and  compound 
treatment  effects  (i.e.,  lower  body  negative  pressure  (LBNP),  space  and/or  entry)  are  involved.  Approximate  significance  may  be  judged  in  rela- 
tion to  the  P values  for  the  relatively  “pure”  treatments  of  preflight  LBNP  or  flight  itself. 

NS  = not  significant. 


the  expected  reciprocal  relationship  to  heart  rate. 
Corrected  resting  QTc  intervals  by  the  Bazett 
equation  (ref.  5),  however,  showed  an  average 
increasing  trend  in-flight,  which  became  signifi- 
cantly different  in  the  late  in-flight  period  from 
preflight  mean  values  (3  percent  increase,  P 
<0.05).  Furthermore,  QTc  intervals  during  lower 
body  negative  pressure  were  elevated  (2  to  7 per- 
cent, P<0.05  to  0.001)  over  resting  values  at  all 
phases  of  the  mission. 

Effects  on  vectorcardiogram  component  ampli- 
tudes (table  30-11)  were  greater  than  those  on 
temporal  measurements.  The  P-wave  maximum 
vector  magnitude  (PmaxMAG)  at  rest  significantly 
(P<0.025)  increased  in-flight,  averaging  about 
25  percent.  This  increase  was  greater  early  than 
late  in-flight  and  was  still  present,  although  al- 
ready attenuated,  on  recovery,  but  quickly  re- 
turned to  preflight  values.  However,  even  more 
marked  was  the  increase  in  PmaxMAG  during 
lower  body  negative  pressure  (ranging  28  to  55 
percent),  again  the  greater  changes  being  seen 
in-flight  and  immediately  postflight. 

The  group  average  QRS  maximum  vector  mag- 
nitude (QRSniaxMAG)  (table  30-11)  at  rest  also 
increased  significantly  (12  percent,  P<0.001) 
in-flight  with  an  increasing  in-flight  trend,  re- 


turning rather  precipitously  to  preflight  levels 
about  3 days  postflight.  Preflight  during  lower 
body  negative  pressure  the  QRSmaxMAG  de- 
creased from  resting  values  (7  percent,  P<0.02) 
but  showed  no  significant  response  to  lower 
body  negative  pressure  in-flight.  This  appears  to 
be  a differential  response  to  lower  body  negative 
pressure  preflight  versus  in-flight,  or  perhaps  an 
overriding  dominance  due  to  the  effect  of  space 
flight  alone. 

Perhaps  a better  indicator  of  change  in  the 
overall  QRS  depolarization  complex  is  the  total 
QRS  Eigenloop  ‘ circumference  (table  30-11) 
which  reflected  highly  significant  in-flight  in- 
creases also  (19  percent,  P<0.005),  and  which 
generally  progressed  during  the  in-flight  phase. 
In-flight  increases  and  precipitous  postflight  return 
to  preflight  values  caused  this  measurement  to 
exhibit  a “square  wave”  phenomenon  during  the 
in-flight  phase.  Somewhat  paradoxically,  however, 
the  QRS  Eigenloop  circumference  also  increased 
during  lower  body  negative  pressure,  insignifi- 

^ The  QRS  Eigenloop  is  that  unique  spatial  entity  repre- 
senting the  net  summation  of  all  instantaneous  vectors 
throughout  the  QRS  depolarization  cycle.  It  is  normally 
fairly  planar  and  is  quantified  and  oriented  within  stand- 
ard orthogonal  reference  axes. 
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Table  30-IL — Amplitude  Measurements  of  the  Vectorcardiogram 

Percentage  changes  from  the  nine  crewmen  group  mean,  pre flight,  supine  resting  values  (as  reference)  of  averages  for 
P-wave  maximum  vector  magnitude  (PmnxMAG),  QRS  complex  maximum  vector  magnitude  (QRSmaxMAG),  QRS  spa- 
tia  Eigenloop  circumference  (QRS-E  CIRC),  and  ST-wave  maximum  vector  magnitude  (STm«xMAG)  during  desig- 
nated treatment  condition. 


Change  after  designated  condition  (percent) 


Vectorcardiogram 

measurement 

Pre  flight 
reference 
values 

supine^  resting 
mean±S.D. 

Condition= LBNP 

Condition- Flight 

Preflight 

In-flight 

Postftight 
R + 0 

In-flight 

Postftight 

R+0 

X 

P 

X C) 

X (>) 

X 

P 

X 

P 

P„,.MAG  (mV) 

0.122  ±0.0332 

+ 27 

<0.001 

+ 78 

+ 75 

+ 24 

<0.02 

+ 16 

NS 

QRS™.,MAG  (mV) 

1.70  ±0.373 

-6 

<0.02 

+ 13 

+ 12 

+ 12 

<0.001 

+ 18 

<0.001 

QRS-E  circ  (mV) 

5.01  ±1.027 

+ 3 

NS 

+ 24 

+ 32 

+ 19 

<0.005 

+ 21 

<0.001 

ST„..MAG  (mV) 

0.646  ±0.206 

-15 

<0.01 

-32 

-37 

-10 

NS 

-6 

NS 

values  were  not  computed  for  these  comparisons  because  percentage  changes  are  reckoned  from  preflight  resting  references,  and  compound 
treatment  effects  (i.e.,  lower  body  negative  pressure  (LBNP),  space  and/or  entry)  are  involved.  Approximate  significance  may  be  judged  in  rela- 
tion to  the  P values  for  the  relatively  “pure”  treatments  ofpreflight  lower  body  negative  pressure  or  flight  itself. 

NS  “ not  significant. 


cantly  preflight  but  to  around  10  percent  in-flight 
(P<0.0025). 

The  resting  ST  maximum  vector  magnitude 
(STniaxMAG)  (table  30-11)  for  the  group  under- 
went nonsignificant  decrements  in-flight  (approx- 
imately 10  percent).  But  here,  as  with  the  heart 
rate,  a distinctly  different  pattern  prevailed  in 
the  Skylab  2 crewmen  compared  to  the  other  two 
crews  such  that  the  question  of  significantly 
different  stressors  may  be  considered  a possible 
explanation.  The  effect  of  lower  body  negative 
pressure  was  always  to  increase  STmaxMAG,  14 
percent  preflight  (P<0.01)  up  to  25  percent 
in-flight  (P<0.001)  and  30  percent  immediately 
postflight  (P<0.0001). 

Alterations  in  orientation  of  the  P^axMAG  vec- 
tor at  rest  in  space  were  quite  variable  and  non- 
uniform;  lower  body  negative  pressure  produced 
a slightly  greater  and  more  consistent  effect  of  a 
general  shift  of  the  P„,axMAG  vector  terminus 
interiorly  and  rightward. 

In  contrast  to  PmaiMAG  orientation,  the  resting 
QRSaiaxMAG  vector  terminus  showed  a rather 
consistent,  though  not  large,  shift  toward  more 
anterior  orientation  in-flight  (fig.  30-3),  with  a 
nearly  equivalent  return  on  the  day  of  recovery. 
Figures  30-3  and  30-4  depict  the  QRS  maximum 


vector  termini  on  a spherical  surface  (Aitoff  equal 
area  projection)  representing  the  body  thorax 
with  equatorial  azimuth  at  heart  level,  zero  de- 
grees being  the  left  axilla,  and  minus  and  plus 
90°  anterior  and  posterior  center  chest,  respec- 
tively. Negative  elevation  angles  represent  head- 
ward  declinations  from  the  horizontal  reference 
plane;  positive  elevation  angles  represent  foot- 
ward  declinations.  A small  superior  component 
is  also  seen  in  this  orientation  shift.  Almost 
universally  the  QRS,„axMAG  vector  terminus 
shifted  in  the  opposite  direction  (posteriorly  and 
interiorly)  upon  application  of  lower  body  nega- 
tive pressure  (fig.  30-4).  The  net  effect  of  lower 
body  negative  pressure  in-flight,  therefore,  was 
less  than  either  effect  alone. 

The  resting  ST^axMAG  vector  orientation 
shifted  slightly  rightward  in-flight,  but  always  re- 
mained in  the  left  anterior  inferior  octant.  Lower 
body  negative  pressure  produced  a similar  and 
somewhat  larger  shift,  with  accompanying  modest 
superior  distortion. 

In  table  30-III  resting  J-vector  magnitude  (the 
spatial  distance  between  origin  and  end  of  the 
QRS  loop)  shows  no  significant  in-flight  changes, 
but  a postflight  increase  of  18  percent  was  signifi- 
cant at  P<0.05.  Much  greater  augmentation 
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occurred  during  lower  body  negative  pressure 
stress  preflight  (30  percent,  P<  0.001)  and  in- 
flight (up  to  41  percent  in  the  early  part  of  the 
orbital  phase). 

Orientation  changes  of  the  J-vector  terminus 
were  perhaps  the  most  consistent  and  striking. 
At  rest  early  in-flight  seven  of  nine  crewmen 
(excepting  the  Commanders  on  Skylab  2 and  4) 
displayed  considerable  shift  superiorly  (fig. 
30-5) . All  nine  crewmen  by  late  in-flight  produced 
a further  leftward  shift,  while  immediately  on 
recovery  day  all  resting  J-vector  orientations 
moved  dramatically  toward  their  respective  pre- 
flight positions.  Preflight  lower  body  negative 
pressure  stress  produced  very  minor  J-vector 
shifts  (fig.  30-6),  mostly  rightward,  but  in-flight 
and  postflight  reorientations  during  lower  body 
negative  pressure  were  marked,  especially  in  the 
superior  direction ; the  terminus  of  several  moved 
to  the  left  superior,  anterior  and  posterior  octants. 


well  separated  from  their  normal  resting  position 
in  the  left  anterior  inferior  octant.  This  was  most 
striking  immediately  postflight. 

Resting  values  for  the  ST  slope  (table  30-III) 
averaged  1.3  and  ranged  0.5  to  2.1  millivolt/ 
second.  In-flight  and  postflight  changes  were 
rather  variable  and  not  statistically  significant, 
though  the  group  average  was  augmented  in- 
flight above  the  preflight  reference.  Last  in-flight 
tests  were  on  mission  day  25  for  Skylab  2;  aver- 
age values  for  all  nine  crewmen  taken  on  or  near 
mission  day  25  in  their  respective  flights  were 
elevated  only  1 percent  over  the  preflight  refer- 
ence, while  a corresponding  average  4 percent 
increase  occurred  on  the  Skylab  3 and  Skylab  4 
six  crewmen  around  mission  day  58.  The  Skylab 
4 crew  did  not  show  further  increases  later  in 
orbit,  but  an  average  (nine  crewmen)  immediate 
postflight  elevation  of  7 percent  required  up  to 
several  days  to  disappear. 

The  effect  of  lower  body  negative  pressure  on 


Skylab  2 Skylab  3 Skylab  4 

Skylab  2 Skylab  3 Skylab  4 

Commander  # * O— ► © 

Commander  • i o o 

Scientist  Pilot  ■ C3 0 

Scientist  Pilot  ^ 

Pilot  A » A A 

Pilot  ^ ,, "T  ‘ 

Symbols  depict  for  each  crewman  his  pre- 

Symbols depict  for  each  crewman  his  pre- 

flight mean  supine  control  value  with  ar- 

flight mean  supine  control  value  with  ar- 

rows ending  at  the  first  in-flight  shifted 

rows  ending  at  his  preflight  shifted  location 

location,  still  in  the  resting  state. 

under  the  stress  of  50  mm  Hg  lower  body 

negative  pressure. 

Figure  30-3. — Skylab  M092  O^Smax  orthogonal  orienta- 
tion. The  effect  of  space. 


Figure  30-4. — Skylab  M092  QRSmax  orthogonal  orienta- 
tion. The  effect  of  lower  body  negative  pressure. 
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Table  30~III. — Derived  Measurements  of  the  Vectorcardiogram 

Percentage  changes  from  the  nine  crewmen  group  mean,  preflight,  supine  resting  values  (as  reference)  of  averages  for 

J-VECTOR  magnitude,  ST  slope,  and  QRS-T  spatial  angle. 


Change  after  designated  condition  (percent) 


Vectorcardiogram 

measurement 

Fre  flight 
reference 
values 

supine^  resting 
mean±S.D. 

Condition = LBNP 

Condition= Flight 

Preflight 

In-flight 

Postflight 

R+0 

In-flight 

Postflight 

R+0 

X 

P 

X (•) 

X (‘) 

X 

P 

X 

P 

J -Vector  (mV) 

0.074  ± 0.024 

+ 28 

<0.001 

+ 13 

+ 26 

+ 6 

NS 

+ 18 

<0.05 

ST  Slope  (mV/s) 

1.28  ± 0.528 

-1 

NS 

-21 

-18 

+ 5 

NS 

+ 7 

NS 

QRS-T  angle  (deg) 

38.  ±14. 

+ 61 

<0.001 

+ 13 

+ 105 

-17 

NS 

+ 12 

NS 

^ P values  were  not  computed  for  these  comparisons  becaxise  percentage  changes  are  reckoned  from  preflight  resting  references,  and  compound 
treatment  effects  (i.e.,  lower  body  negative  pressure  (LBNP),  space  and/or  entry)  are  involved.  Approximate  significance  may  be  judged  in  relation  to 
the  P values  for  the  relatively  “pure”  treatments  of  preflight  lower  body  negative  pressure  or  flight  itself. 

NS  — not  significant. 


Skylab  2 
Commander  # * 

Scientist  Pilot  ■ ■* 

Pilot  A 


Skylab  3 


Skylab  4 
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0 


Symbols  depict  for  each  crewman  his  pre- 
flight mean  supine  control  value  with  ar- 
rows ending  at  the  first  in-flight  shifted 
location,  still  In  the  resting  state. 


Skylab  2 
Commander  ♦ ■ 

Scientist  Pilot  ■ 

Pilot  A 


Skylab  3 


Skylab  4 

o 

E3 


Symbols  depict  for  each  crewman  his  pre- 
flight mean  supine  control  value  with  ar- 
rows ending  at  his  preflight  shifted  location 
under  the  stress  of  50  mm  Hg  lower  body 
negative  pressure. 


Figure  30—5. — Skylab  M092  J-veclor  orthogonal  orienta- 
tion. The  effect  of  space. 


Figure  30-6. — Skylab  M092  J-vector  orthogonal  orienta- 
tion. The  effect  of  lower  body  negative  pressure. 
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the  ST  slope  was  likewise  variable.  A preflight 
increase  of  2 percent  was  not  statistically  signifi- 
cant. An  average,  but  not  significant,  decrease  of 
21  percent  early  in-flight  augmented  to  a statis- 
tically significant  41  percent  decrement  {P 
<0.01)  late  in-flight.  On  recovery  day,  however, 
this  reduction  in  ST  slope  due  to  lower  body  nega- 
tive pressure  was  already  diminished  to  15  per- 
cent with  no  statistical  significance. 

The  spatial  angle  between  QRSn,«xMAG  and 
ST,„a,MAG  vectors  is  a close  approximation  to 
the  true  QRS-T  spatial  angle.  The  average  resting 
value  of  this  QRS-T  angle  (table  30-III)  de- 
creased 17  percent  in-flight  (not  statistically  sig- 
nificant) . A distinct  mission  trend  in  reduction  of 
the  angle  was  seen  by  an  early  in-flight  decrease  of 
only  3 percent  progressing  to  an  average  25  per- 
cent (P< 0.005)  decrement  in  the  late  mission 
vectorcardiograms.  Even  so,  on  recovery  day  a 
complete  reversal  had  already  occurred  with  the 
group  averaging  a 12  percent  increase  over  the 
preflight  mean  QRS-T  angle. 

The  effect  of  lower  body  negative  pressure  was 
large  and  highly  variable,  but  almost  always 
caused  an  increase  in  the  QRS-T  angle  which 
was  greater  preflight  and  postflight  (69  per- 
cent, P<0.001  and  96  percent,  P<0.005,  re- 
spectively) than  in-flight.  The  average  in-flight 
increase  due  to  lower  body  negative  pressure 
was  only  47  percent  (P<0.02)  ; a trend  toward 
a lesser  in-flight  increase  due  to  lower  body  nega- 
tive pressure  was  evident  with  longer  orbital 
stay. 

Concerning  lower  body  negative  pressure  re- 
lated arrhythmias,  rare  ectopic  beats  of  both 
ventricular  and  supraventricular  origin  were 
noted  at  some  time  or  other  in  all  crewmen,  but 
frequency  appeared  unrelated  to  mission  phase. 
The  only  other  notable  occurrences  were  atrio- 
ventricular junctional  rhythm  seen  primarily 
in  all  three  Scientist  Pilots  and  the  Skylab  4 
Pilot.  These  usually  manifested  themselves  during 
higher  levels  of  lower  body  negative  pressure 
or  immediately  upon  release,  but  occasionally 
were  present  even  at  initial  rest.  They  were 
seen  preflight,  in-flight,  and  postflight,  perhaps 
slightly  more  often  in  the  Skylab  4 Pilot,  a 
representative  scalar  strip  of  whom  is  sho^vn 
in  figure  30-7.  No  arrhythmias  of  clinical  con- 
cern were  ever  recorded  during  Lower  Body  Nega- 


tive Pressure  tests,  although  the  Skylab  3 

Commander  did  exhibit  a short  episode  of  atrio- 
ventricular dissociation  on  mission  day  21  at 
release  of  lower  body  negative  pressure;  this 
never  recurred.  Additionally,  the  Skylab  4 Pilot 
demonstrated  considerable  distortion  of  his  ST-T 
waveform  occasionally  during  lower  body  nega- 
tive Pressure  tests,  although  the  Skylab  3 

ration  was  prompt  after  release  of  negative 
pressure. 

It  should  be  further  pointed  out  that  in  no 
measurement  described  here  did  changes  exceed 
the  accepted  clinical  limits  of  the  normal  for  that 
measurement.  Changes  are,  therefore,  not  consid- 
ered in  the  pathological  context,  but  as  normal 
physiologic  variants  of  the  cardiac  electrical  phe- 
nomena affected  by  the  stresses  of  the  Skylab 
space  environment  or  of  lower  body  negative 
pressure.  As  such  they  may  shed  light  on  basic 
physiologic  mechanisms. 

Discussion 

Since  heart  rate  is  perhaps  the  best  measure 
of  orthostatic  stress  and  is  also  a pivotal  element 
in  considering  vectorcardiographic  findings,  the 
in-depth  discussion  of  heart  rate  presented  in 
another  paper  (ch.  29)  is  an  essential  to  the  un- 
derstanding of  the  mechanisms  involved.  Uni- 
formly lower  body  negative  pressure  stress 
produced  heart  rate  elevations  in  one-g  and  in 
orbit,  before  and  after  flight.  The  normalized 
differential,  however,  is  greater  in-flight  and  im- 
mediately postflight  than  prior  to  flight.  Average 
percentage  increases  in  heart  rate  during  lower 
body  negative  pressure  over  resting  heart  rate 
are:  Preflight  equals  20  percent,  early  in-flight 
equals  50  percent,  around  mission  day  25  equals 
42  percent,  around  mission  day  58  (six  crewmen 
only)  equals  40  percent,  late  in-flight  equals  43 
percent,  and  immediately  postflight  equals  54  per- 
cent. Even  though  these  differentials  are  signifi- 
cant in  themselves,  they  are  even  further 
exaggerated  by  the  fact  that  resting  heart  rates 
were  generally  elevated  in-flight  and  postflight 
over  preflight  values.  Of  further  importance  is  the 
high  correlation  of  stressed  heart  rate  with  re- 
spective resting  rates  at  any  given  test  session. 
Thei’efore,  whatever  the  conditions,  stresses,  or 
events  which  affect  an  individual's  resting  heart 
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rate  must  certainly  reflect  their  effects  in  other 
physiologic  and  electrocardiographic  measure- 
ments. 

A modest  reciprocal  relationship  between  PR 
interval  and  heart  rate  is  generally  accepted  (ref. 
6).  However,  the  data  from  Skylab  indicate  a 
more  direct  relationship;  in-flight  (especially 
late)  resting  heart  rate  elevations  were  usually 
accompanied  by  increases  in  the  PR  interval  also. 
Conversely,  the  inverse  response  was  observed 
during  lower  body  negative  pressure  stress  at  all 
flight  phases.  This  conceivably  might  indicate  an 
in-flight  alteration  in  cardiac  autonomic  conti-ol 
at  rest  which  was  overriden  by  the  stress  of  lower 
body  negative  pressure.  Altered  autonomic  con- 
trol also  might  be  related  to  the  junctional  rhythm 
observed  not  infrequently  in  several  crewmen. 

Since  the  only  significant  changes  in  QRS  dura- 
tion were  seen  during  lower  body  negative  pres- 
sure stress,  little  difference  across  the  flight 
phases  occurred,  and  resting  differences  were  in- 


significant, it  is  inferred  that  space  flight  pro- 
duced no  noteworthy  effects  on  this  measurement. 

Though  the  expected  reciprocal  relationship  of 
QT  interval  and  heart  rate  was  evidenced 
throughout  all  flight  phases,  the  trend  tendency 
for  the  corrected  QTc  interval  to  increase  through 
the  orbital  phase  favors  a space  related  effect 
upon  this  measurement  independent  of  heart  rate. 
The  effect  was  directionally  the  same  as  that  due 
to  lower  body  negative  pressure,  though  of  some- 
what lesser  magnitude.  Since  the  QT  interval 
represents  total  ventricular  electrical  systole  (de- 
polarization and  repolarization)  and  the  QRS 
duration  (depolarization)  was  essentially  un- 
changed, this  in-flight  lengthening  of  the  QTc 
interval  must  be  chiefly  due  to  prolongation  of  the 
repolarization  process.  This  conceivably  might  be 
related  to  changes  in  autonomic  balance,  but  could 
as  likely  involve  basic  cellular  metabolic  processes. 

A seeming  paradox  in  PmaiMAG  is  difficult  to 
explain.  Lower  body  negative  pressure  augmenta- 


Time,  s 


Figure  30—7. — Scalar  XYZ  veclorcardiogram  leads  of  Skylab  4 Pilot  showing  intermittent 
junctional  arrhythmia  shortly  after  release  of  lower  body  negative  pressure  on  the  day 
of  entry’. 
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tions  in  this  measurement  have  long  been  ob- 
served, sometimes  attributed  in  part  to  more 
nearly  synchronous  depolarization  of  both  atria 
with  increased  heart  rate  and  relative  adrenergic 
dominance.  Experimental  data  on  dogs  by  Nelson 
and  co-workers  (ref.  7)  supports  an  increase  in 
P-wave  amplitude  upon  removal  of  blood.  A space 
related  increase  in  this  measurement  at  rest,  even 
for  those  crewmen  of  Skylab  2 who  had  decreased 
resting  heart  rates  in-flight  seems  to  address  an- 
other mechanism.  The  fact  that  early  in-flight 
vectorcardiograms  exhibited  the  greater  increases 
would  point  to  a possible  etiology  related  to  fluid 
shifts  which  are  felt  to  be  operative  early  follow- 
ing orbital  insertion.  That  fluid  is  shifted  in  the 
opposite  direction  during  lower  body  negative 
pressure,  when  even  greater  PmaxMAG  values 
are  observed,  compounds  the  paradox.  Physiolog- 
ically, positional  changes  in  this  vector  do  not 
appear  relatively  significant. 

Even  more  striking  were  the  QRSmaiMAG  and 
QRS  Eigenloop  circumference  changes.  These 
measures  of  increased  ventricular  depolarization 
voltage  imply  a definite  space  effect,  since  lower 
body  negative  pressure  produced  actual  decreases 
in  the  former  and  nonsignificant  increases  in  the 
latter  preflight.  End  diastolic  ventricular  blood 
volume  is  considered  by  Nelson,  et  al.  (ref.  7)  to 
be  a major  factor  affecting  the  QRS  complex. 
Manoach,  et.  al.  (ref.  8),  and  others  (ref.  9)  have 
demonstrated  in  dogs  a significant  direct  correla- 
tion of  blood  volume  and  QRS  amplitude  during 
controlled  hemorrhage,  volume  replacement,  vena 
caval  occlusion  and  direct  intracardial  infusion 
overload.  One  might  also  consider  the  potential 
effect  in  space  of  relative  hemodilution  (ch.  28) 
which,  according  to  Rosenthal  et  al.  (ref.  10), 
augments  QRS  magnitude  by  lowering  intracavi- 
tary blood  resistivity. 

In  the  hypothesized  events  occurring  in  space, 
a large  fluid  shift  from  the  lower  body  centrip- 
etally  would  very  likely  produce  initially  a rela- 
tively increased  intravascular  and  intracardiac 
volume.  Subsequent  transfer  of  fluid  from  other 
compartments  to  the  vascular  tree  could  dilute 
the  original  hematocrit  as  well  as  increase  total 
blood  volume.  This  interactive  complexity  could 
also  account  for  the  modest  vector  orientation 
shifts  observed,  particularly  as  the  two  ventric- 
ular chambers  may  experience  nonidentical  alter- 


ations. Trying  to  relate  these  vectorcardiographic 
findings  to  hemodynamic  events  is  enticing,  but 
difficult  (ref.  11).  Our  data  and  the  study  by 
Brody  (ref.  12),  who  asserted  that  intracavitary 
blood  exerts  a powerful  effect  upon  surface  lead 
electrical  potentials  of  the  heart  by  differentially 
decreasing  tangential  while  augmenting  radial 
dipoles,  seem  to  give  our  hypothesis  practical  and 
theoretical  support.  Another  perhaps  less  likely 
consideration  is  that  these  increased  surface  po- 
tentials in-flight  do  in  fact  represent  increased 
myocardial  work,  which  might  logically  be  consid- 
ered due  to  increased  stroke  volume  and/or  ele- 
vated systemic  pressure. 

Finally,  since  the  J-vector  and  ST  slope  give 
important  information  on  myocardial  oxygena- 
tion, the  absence  of  a significant  space  related 
alteration  in  these  two  measurements  is  encourag- 
ing. The  increased  J-vector  magnitude  and  de- 
creased ST  slope  during  lower  body  negative 
pressure  stress,  however,  need  further  investiga- 
tion. 

Conclusions 

1.  Vectorcardiograms  taken  on  all  crewmen 
during  the  Lower  Body  Negative  Pressure  exper- 
iment (M092)  on  the  Skylab  flights  have  shown 
several  consistent  changes  apparently  related  to 
space  flight.  Principally  involved  among  these 
changes  are  temporal  intervals,  vector  magnitudes 
and  their  orientations,  and  certain  derived  param- 
eters, presumably  as  a consequence  of  altered 
autonomic  neural  imputs  upon  the  myocardial 
conduction  system  and/or  of  major  fluid  shifts 
known  to  have  occurred  in-flight. 

2.  Correlations  of  these  electrocardiographic 
findings  with  other  hemodynamic  and  related 
changes  appear  reasonable  and  consistent,  espe- 
cially as  regards  the  concept  of  headward  fluid 
shifts  in  space. 

3.  All  observed  measurements  have  been  well 
within  accepted  limits  of  normal  and  are  con- 
sidered to  represent  adaptative  phenomena  rather 
than  pathological  conditions. 

4.  These  findings  have,  in  a predictable  fash- 
ion, opened  new  questions  which  will  direct  future 
ground-based  and  in-flight  researches — particu- 
larly in  the  area  of  cardiovascular  electro- 
hemodynamic  studies  for  the  Shuttle  era. 
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CHAPTER  31 

Hemodynamic  Studies  of  the  Legs  Under 
Weightlessness 

William  E.  Thornton  “ and  G.  Wycklipfe  Hopfler  « 


IN  THE  NEXT  TWO  REPORTS  I shall  describe  exper- 
iments which  were  added  to  the  original  Sky- 
lab  experiment  protocol  long  after  the  schedule 
had  been  fixed.  Only  those  of  you  familiar  with 
space  flight  scheduling  and  operations  can  ap- 
preciate the  problems  this  causes.  Scheduling  un- 
der such  situations  was  critical,  and  if  there  are 
recognized  holes  in  the  data  or  crucial  data  points 
missing,  it  was  not  due  to  the  investigators’  over- 
sight but  to  a matter  of  mission  priorities. 

Significant  among  the  medical  findings  follow- 
ing prolonged  space  flight  have  been  reduced  or- 
thostatic tolerance  and  ergometric  work  capacity. 
Changes  in  hemodynamics  of  the  legs  with  in- 
creased blood  pooling  and  reduction  in  cardiac  out- 
put must  be  considered  one  of  the  most  probable 
causes  of  these  effects.  Concern  for  the  above  plus 
the  observed  marked  tissue  changes  occurring  in 
the  legs  during  flight  prompted  the  addition  of 
several  procedures  to  evaluate  hemodynamic 
changes  in  the  leg;  resting  arterial  blood  flow, 
venous  compliance  and  muscle  pumping  were  in- 
vestigated. 

The  Lower  Body  Negative  Pressure  Experiment 
(ch.  29)  recorded  leg  volume  changes  and  this 
inherently  contains  compliance  information.  How- 
ever, in  measuring  such  changes,  stress  is  applied 
to  a considerable  portion  of  the  body  and  affects 
many  body  systems  capable  of  altering  the  pri- 
mary leg  volume  response.  In  so  far  as  possible, 
we  looked  at  the  initial  reaction  to  pressure  in  the 
smallest  possible  vein  segment. 

■NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


Impromptu  studies  were  implemented  during 
the  latter  portion  of  the  Skylab  3 mission.  Results 
were  of  sufficient  value  to  include  more  compre- 
hensive studies  on  Skylab  4 which  will  be  de- 
scribed. For  convenience,  each  aspect  of  the 
experiment  will  be  completely  discussed  in  turn, 
except  for  conclusions.  The  entire  series  of  pro- 
cedures was  actually  performed  three  times  pre- 
flight, seven  times  in-flight,  and  three  times 
postflight.  The  minimal  original  in-flight  schedule 
was  further  reduced  by  other  scheduling  require- 
ments during  periods  critical  to  the  experiment. 
Several  trials  were  lost  or  severely  compromised 
by  artifacts  which  appeared  to  be  electrical.  Other 
than  these  problems,  the  data  were  collected  with- 
out difficulty. 

Blood  Flow 

If  an  occlusive  cuff  placed  around  a limb  seg- 
ment is  inflated  somewhat  above  venous  pressure, 
arterial  flow  will  be  little  affected,  but  venous  flow 
will  be  stopped  until  its  pressure  exceeds  cuff 
pressure.  If  volume  change  is  also  measured,  its 
initial  rate  of  change  with  time,  before  appreci- 
able back  pressui’e  develops,  approximates  arte- 
rial inflow.  There  are  several  assumptions  and 
sources  of  potential  error  in  this  measurement. 

By  waiting  until  the  volume  reaches  a plateau, 
i.e.,  until  venous  pressure  equals  cuff  pressure 
and  venous  flow  resumes,  a single  value  of  compli- 
ance can  be  determined,  figure  31-1. 

Data  for  these  two  studies  were  obtained,  as 
shown  in  figure  31-2,  with  an  arm  blood  pressure 
cuff  above  the  left  knee  and  a capacitance  limb 
volume  measuring  system  band  around  the  max- 
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imum  girth  of  the  calf.  Volume  changes  actually 
measured  are  only  those  in  the  segment  directly 
beneath  the  cuff.  Volume  changes  of  the  entire 
leg  or  even  calf  cannot  be  inferred  from  this 
measurement. 

Blood  flow  was  recorded  by  rapidly  inflating 
the  cuff  to  30  mm  Hg  pressure  for  20  seconds 
for  three  trials.  This  sequence  was  repeated  at 
50  mm  Hg  cuff  pressure.  Subjects  are  supine 
when  measured  under  one-g. 

In-flight  curves  from  such  a series  at  30  mm  Hg 
pressure  are  shown  in  figure  31-3.  The  first  vol- 
ume change  probably  caused  a small  sensor  posi- 
tion artifact  which  in  turn  shifted  the  baseline 
slightly. 

Blood  flow  was  calculated  by  manually  drawing 
a tangent  to  the  slope  and  measuring  this  slope 
in  terms  of  volume  change  versus  time.  Usually 


Figure  31—1. — In>flight  venous  compliance  record.  Square 
wave  is  calibration  pulse. 


To  leg  segment  volume 


Figure  31-2. — Arterial  flow-measurement  experimental 
arrangement. 


there  was  an  unexpected  increase  in  volume  dur- 
ing cuff  inflation  which,  in  spite  of  the  distance 
between  plethysmograph  segment  and  cuff,  must 
be  venous  reflux.  This  initial  slope  and  artifact 
were  avoided  during  measurement.  Another  possi- 
ble but  unavoidable  error  was  flow  of  blood  from 
or  into  areas  not  typical  of  the  segment  under 
measurement,  e.g.,  the  foot.  Blood  and  fluid  flows 
were  calculated  in  terms  of  100  milliliters  of  tis- 
sue under  the  capacitance  band. 

Measurements  were  made  at  both  30  and  50 
mm  Hg  pressure  (figs.  31-4a  and  31-4b)  to  indi- 
cate the  effectiveness  of  occlusion  of  the  leg  ves- 
sels by  an  arm  cuff  (a  leg  pressure  cuff  was  not 
available  in-flight)  and  which  was  used  in  all 
measurements.  The  curves  generally  correspond 
well  except  for  the  last  two  postflight  tests  from 
the  Scientist  Pilot. 

There  is  great  variability  in  the  in-flight  data, 
some  of  which  probably  resulted  from  changes  in 
temperature  and  in  relationship  of  the  time  of 
measurement  to  ingestion  of  food  and  exercise. 
None  of  these  factors  were  controlled  or  ade- 
quately known  to  be  properly  accounted  for.  In 
spite  of  the  variability,  it  seems  safe  to  say  that 
blood  flow  was  elevated  above  preflight  and  post- 
flight levels  throughout  the  flight,  and  probably 
remained  slightly  elevated  in  the  Scientist  Pilot 
postflight. 

Several  possibilities  should  be  considered  for 
this  increase  in  blood  flow.  Under  one-g,  an  in- 
crease in  muscle  blood  flow  is  seen  in  elevation  of 
the  legs  while  supine,  or  in  other  maneuvers 
which  increased  intrathoracic  venous  pressure,  a 


Figure  31—3. — Arterial  flow  record. 
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mechanism  which  apparently  releases  sympa- 
thetic vasoconstrictor  action.  It  will  be  shown  in 
chapter  32  (Anthropometric  Changes  and  Fluid 
Shifts)  that  fluid  and  blood  from  the  legs  were 
shifted  cephalad  on  exposure  to  weightlessness 
and  this  must  have  produced  transient  increase 
in  venous  pressures  which  may  not  have  been 


completely  restored  to  “normal”  throughout  the 
flight.  Decreases  in  transmural  pressure  could 
have  allowed  increase  in  vessel  size  and  flow,  but 
the  changes  required  to  do  this  in  the  legs  are 
too  large  to  be  considered  under  the  circumstances. 

My  own  hypothesis  is  that  cardiac  output  is 
increased  secondary  to  an  increase  in  the  central 


Preflight 


In-flight 


Postflight 


Figure  31— 4a. — Skvlab  4 leg  blood  flow,  30  mm  Hg  pressure. 


Figure  31-4b. — Skylab  4 leg  blood  flow,  50  mm  Hg  pressure. 
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venous  pressure.  While  there  is  no  hard  support- 
ing evidence  for  this  hypothesis,  several  observa- 
tions indicated  that  it  may  have  happened. 

In-flight  variation  was  too  large  to  allow  any 
statements  about  trends.  Note,  however,  a marked 
difference  between  the  Commander  of  Skylab  4 
and  the  other  two  crewmen.  This  difference  was 
rather  obvious  in  lower  body  negative  pressure 
testing  and  it  will  be  seen  again  in  several  exper- 
iments. Postflight  there  was  an  abrupt  drop  to 
just  above  preflight  levels.  This  is  consistent  with 
any  of  the  possible  causes  of  increased  blood  flow 
which  were  mentioned. 

Compliance 

Compliance  is  the  change  in  volume  for  a given 
change  in  pressure  and,  in  this  case,  it  is  assumed 
to  be  a change  in  venous  volume  produced  by  cuff 
pressure  of  30  mm  Hg  or  more  simply  stated,  how 
much  blood  will  be  pooled  in  the  veins  at  any  one 
pressure.  Let  me  emphasize  that  the  compliance 
curve  is  alinear,  and  that  this  measurement  is 
only  1 point  on  the  curve  from  a vessel  which 
was  not  completely  empty  at  the  start.  Further, 
the  exact  starting  pressure  is  not  known. 

Compliance  for  the  three  Skylab  4 crewmen 
are  plotted  in  figure  31-5  in  terms  of  volume 
percent  change  (milliliters/100  milliliters  of  tis- 
sue). It  is  obvious  that  more  points  are  needed 


Figure  31—5. — Skylab  4 crew  vascular  compliance. 


on  these  curves,  especially  in  the  2-  to  3-week  pe- 
riod. It  should  be  noted  that  in  all  crewmen  there 
was  an  increase  in  compliance  that  required  10 
days  or  more  to  reach  a maximum.  It  then  ap- 
peared to  decrease  slowly,  possibly  cyclically  in 
two  crewmen,  until  recovery,  when  there  was  an 
immediate  fall  to  or  even  below  preflight  levels, 
with  again  a marked  difference  in  Commander’s 
response. 

Before  attempting  to  explain  these  results,  let 
me  give  you  my  views  of  veins  in  the  leg — ^veins 
which  may  differ  and  behave  differently  from 
those  encountered  elsewhere  in  the  body. 

Figure  31-6  is  an  obviously  exaggerated  sche- 
matic of  leg  anatomy.  The  foot  and  skin  of  the  leg 
are  drained  by  unsupported  veins  with  thick  mus- 
cular walls,  walls  that  will  even  go  into  spasm 
when  irritated.  The  leg  muscles  are  drained  by 
much  larger  thin-walled  conduits  with  little  in- 
trinsic muscles  or  innervation ; in  some  areas  they 
are  described  as  sinuses  and  are  little  more  than 
a sac  attached  to  the  surrounding  muscles.  Re- 
sponse of  such  vessels  should  be  more  dependent 
upon  the  surrounding  somatic  muscles  than  upon 
its  wall.  These  deep  veins  comprise  the  major 
venous  volume — 85  percent  is  a commonly  used 
value  and  the  response  that  we  see  from  the  mid- 
calf is  predominantly  the  response  of  these  deep 
veins.  There  is  no  evidence  for  an  increase  in 
superficial  venous  volume  in-flight. 

Referring  back  to  the  responses  measured,  my 


Figure  31-6. — Distorted  schematic  of  leg  anatomy.  (Veins 
are  in  black.) 
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interpretation  of  the  changes  lie  in  the  condition 
of  the  surrounding  muscles.  There  was  a slow 
loss  in  volume  of  the  calf  segment  during  the 
first  20  days  of  weightlessness  in  contrast  to  the 
sudden  loss  of  volume  of  the  legs  as  a whole. 

A part  of  this  loss  was  in  the  muscle  itself. 
Further,  with  the  unloading  of  external  forces, 
there  must  have  been  some  atrophy  and  a loss 
in  muscle  tone.^  As  the  mission  progressed,  I 
suspect  the  body,  as  it  always  seems  to  do,  tended 
to  reestablish  equilibrium,  or  ‘Take  up  the  slack’’ 
if  you  will,  such  that  effective  tone  was  increased 
in-flight  and  very  sharply  increased  on  being 
resubjected  to  one-g.  Working  a muscle,  as  it 
was  experienced  on  recovery,  causes  an  increase 
in  fluid  volume  which  may  have  been  effective 
here. 

V 

a 

Muscle  Pumping  a 

c 

Additional  hemodynamic  information  was  ob-  I 
tained  by  having  the  crewmen  perform  muscle  | 
pumping  under  negative  pressure  (fig.  31-7) . Af- 
ter an  experiment  M092  test  (ch.  29) , the  subject 
was  left  in  the  Lower  Body  Negative  Pressure  De- 
vice and  30  mm  Hg  of  negative  pressure  was  ap- 
plied for  3 minutes  causing  blood  to  pool,  again 
assumed  to  be  primarily  in  the  deep  veins.  At  the 
end  of  this  time,  the  subject  made  10  maximum 
effort  isometric  contractions  of  his  legs.  These 
contractions  caused  large  pressure  forces  to  de- 
velop against  the  blood  in  the  deep  veins  which 
forced  it  into  the  central  circulation  through 
one-way  vein  valves.  Time  was  allowed  for  an 
additional  pooling  to  occur  and  the  procedure  was 
repeated. 

The  volumes  of  blood  accumulated  and  the 
amount  remaining  are  plotted  in  figure  31-8,  for 
two  subjects  in-flight,  the  Scientist  Pilot  and 
Commander.  The  Pilot’s  responses,  which  are  not 
shown,  were  generally  similar  to  those  of  the 
Scientist  Pilot.  The  amount  of  blood  pooled  was 
generally  comparable  to  that  pooled  by  cuff  oc- 
clusion at  30  mm  Hg  pressure  (figs.  31-4a,  31-5). 

The  one  “wild  point”  of  the  Scientist  Pilot  bothers 
me;  try  as  I might,  I cannot  discredit  it,  so  it 
remains.  Again,  the  amount  of  blood  pooled  by 
the  Scientist  Pilot  is  roughly  two  times  that  of 

^ It  may  be  coincidence  but  work  on  the  treadmill  with 
heavy  calf  loading  did  not  start  until  mission  days  8 to  10. 


the  Commander;  however,  after  muscle  pumping 
both  have  the  same  volume  remaining.  While  this 
may  be  sheer  coincidence,  I suspect  there  is  an 
anatomical  difference  in  the  Commander's  deep 
venous  structure.  Postflight  there  was  a marked 
and  immediate  decrease  in  the  amount  of  blood 
pooled  while  effective  pumping  action  was  still 
present. 

Under  one-g,  a subject  typically  removes  about 
50  percent  of  pooled  volume  from  his  calf,  while 
thigh  pumping  is  relatively  less  effective.  About 
the  same  percentage  is  removed  in-flight.  The 
Commander’s  postflight  pumping  was  less  effec- 


Time,  min 

Figure  31—7. — Muscle  pumping  record. 


Figure  31—8. — Skylab  4 crew  leg  volume  changes  from 
muscle  pumping. 
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tive  than  his  preflight  average,  and  preflight  and 
postflight  efforts  were  relatively  less  effective 
than  his  in-flight  pumping,  which  suggests  that 
he  has  less  deep  venous  volume  capacity.  This 
variance  is  further  supported  by  blood  volume 
studies  and  is  discussed  under  anthropometry  (ch. 
32). 

How  do  these  findings  relate  to  crewmen  in 
space  flight?  The  Skylab  4 crew  confirmed  the 
prompt  postflight  return  to  baseline  seen  in  the 
measurements  of  this  experiment  by  standing 
and  walking  easily  for  long  periods  on  the  day 
after  recovery.  The  cardiovascular  deficiencies 
were  only  detectable  by  the  lower  body  negative 
pressure  and  ergometric  tests  and  these  also 
quickly  returned  to  normal. 

It  would  appear  that  the  general  shape  of  the 
compliance  curve  for  this  flight  (fig.  31-5)  agreed 
with  the  experience  of  the  crew  and  with  the 
number  of  times  the  runs  were  prematurely 
ended.  The  crew  felt  that  the  test  became  increas- 
ingly stressful  and  then  declined  later  in  the  mis- 
sion. Abortion  of  lower  body  negative  pressure 
tests  also  appeared  to  cluster  within  this  one  4- 
week  period.  The  effects  of  a decreasing  blood 
volume  and  red  cell  mass,  and  increased  compli- 
ance are  probably  the  two  fundamental  parame- 
ters in  lower  body  negative  pressure  response. 
However,  there  are  a host  of  factors,  even  and 
especially  psychological  factors,  that  can  affect 
the  compliance  curve,  to  say  nothing  of  final  sys- 
temic responses. 

While  it  was  gratifying  to  have  the  importance 
of  venous  changes  and  especially  compliance  rec- 
ognized in  the  paper  on  lower  body  negative 
pressure  (ch.  29),  compliance  and  fluid  volumes 
should  not  be  overemphasized  at  the  expense  of 
other  mechanisms.  Although  I consider  these  fun- 
damental, a great  host  of  others  remain  to  be  ex- 
plored. 

I would  question  the  concept  of  significant 
changes  in  compliance  being  caused  by  empty  and 
flattened  veins.  As  I will  show  in  the  n<5xt  report 
on  anthropometry,  leg  veins  were  not  empty,  at 
least  the  superficial  leg  veins  were  not. 

Secondly,  the  concept  of  compliance  or  potential 
volume  spaces  being  changed  by  sleep  in  weight- 
lessness seems  counter  to  common  experience  and 
to  measurements  done  during  Skylab,  when  mus- 
cular activity  was  shown  to  increase  muscle  vol- 


ume. This  activity  would  reduce  potential  venous 
volumes,  especially  of  the  deep  veins  enclosed 
with  the  muscles  in  fascial  compartments.  Muscle 
pumping  is  a very  transient  phenomenon  and 
removes  only  a portion  of  the  blood.  Thus  I would 
look  elsewhere  for  the  short-term  variations  in 
response  to  lower  body  negative  pressure. 

Conclusion 

In  summation:  Changes  in  blood  flow  were 
demonstrated  which,  I think,  make  the  problem 
of  obtaining  cardiac  output  data  in  space  even 
more  imperative. 

Venous  compliance  changes  were  demonstrated 
which,  with  blood  volume  changes,  should  provide 
an  initial  and  primary  point  of  departure  for 
investigation  of  the  complete  response  to  lower 
body  negative  pressure.  Time  course  of  the  com- 
pliance changes  should  be  considered  by  mission 
planners.  Shuttle  reentry,  for  example,  will  fall 
within  the  zone  of  increased  sensitivity  to  ortho- 
static stress.  There  was  a demonstration  of  a 
marked  difference  in  individaul  response  on  Sky- 
lab 4,  which  might  also  be  considered  in  some  flight 
operations.  Since  compliance  of  the  leg  vessels  ap- 
pears to  be  intimately  related  to  leg  muscle,  this 
relationship  should  be  properly  investigated.  Mus- 
cle condition  may  have  played  a major  role  in  the 
slower  return  to  normal  of  the  crews  of  Skylab  2 
and  3.  In  the  future,  proper  cognizance  should  be 
given  to  such  venous  studies  in  bedrest,  especially 
of  the  deep  veins  as  both  the  medical  community 
and  NASA  stand  to  benefit  by  such  studies. 

In  conclusion,  another  portion  of  man’s  body 
has  been  demonstrated  to  be  capable  of  making 
adaptations  to  weightlessness,  which  produces 
both  stability  under  weightlessness  and  rapid  re- 
adaptation on  return  to  one-g.  This  bodes  well  for 
future  manned  flights. 
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CHAPTER  32 

Anthropometric  Changes  and  Fluid  Shifts 

William  E.  Thornton, » G.  Wyckliffe  Hoffler,"  and  John  A.  Rummel  " 


Man’s  body,  both  as  a species  and  as  an  indi- 
vidual, has  been  shaped  by  continuous  ex- 
posure to  gravity  and  a large  portion  of  it  is 
dedicated  to  more  or  less  continuously  opposing 
gravitational  forces.  One  could  confidently  predict 
that  placing  the  human  body  in  weightlessness 
would  produce  changes  in  size,  shape,  and  compo- 
sition. Many  of  these  changes  and  their  effects 
were  described  by  astronauts  from  the  earliest 
days  of  space  flight,  for  example:  puffy  faces, 
stuffy  noses,  engorged  head  veins,  low  back  dis- 
comfort, and  the  “bird  legs”  of  space. 

The  anthropometric  studies  in  American  space 
programs  prior  to  Skylab  were: 

Preflight  and  postflight  leg  volume  measure- 
ments on  the  later  Apollo  flights. 
Stereophotogrammetry  of  the  crew  preflight  and 
postflight  on  Apollo  16. 

On  Skylab  only  leg  volume  measurements,  and 
stereophotogrammetry  preflight  and  postflight, 
and  maximum  calf  girths  in-flight  were  originally 
scheduled. 

In  an  effort  to  obtain  the  most  comprehensive 
and  coherent  picture  of  changes  under  weightless- 
ness, we  initiated  a set  of  measurements  on  Sky- 
lab 2 and  at  every  opportunity,  added  additional 
studies.  All  pertinent  information  from  ancillary 
sources,  even  news  photographs  were  gleaned  and 
collated. 

On  Skylab  2,  the  initial  anthropometric  studies 
were  scheduled  in  conjunction  with  the  muscle 
study  described  in  chapter  31.  A single  set  of 
facial  photographs  was  made  in-flight.  Additional 

• NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


measurements  were  made  on  Skylab  3,  with  photo- 
graphs and  truncal  and  limb  girth  measurements 
in-flight. 

Prior  to  Skylab  4,  a few  of  us  felt  there  was 
considerable  evidence  for  large  and  rapid  fluid 
shifts,  so  a series  of  in-flight  volume  and  center  of 
mass  measurements  and  infrared  photographs 
were  scheduled  to  be  conducted  as  early  as  possi- 
ble in  the  Skylab  4 mission. 

A number  of  changes  were  properly  documented 
for  the  first  time,  most  important  of  which  were 
the  fluid  shifts.  The  following  description  of  Sky- 
lab anthropometries  will  address  work  done  on 
Skylab  4 primarily. 

Procedure 

The  series  of  direct  anthropometric  measure- 
ments shown  in  figure  32-1  were  made  prefiight 


(T)  Neck  ■ circumference  at  larynx 

@ Chest  - circumference  at  nipple 
(inspiration  and  expiration) 

Arm  volume  (girth  every  3 cm) 

@ Arm  volume  (girth  every  3 cm) 

Abdominal  circumference  at  umbilicus 

(§)  Hip  circumference  at  greatest  diameter 

(f)  Leg  volume  (girth  every  3 cm) 

Leg  volume  (girth  every  3 cm) 

(?)  Height 


Figure  32—1. — Anthropometric  measurements  of  Skylab 
crewmen. 
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and  postflight  on  all  missions,  and  in-flight  on  the 
Skylab  4 mission.  Leg  and  arm  girth  measure- 
ments were  made  every  3 centimeters  by  means 
of  a calibrated  tape  jig  attached  to  the  limb 
to  insure  accurate  location.  As  part  of  their  ex- 
perimental protocol,  Drs.  G.  W.  Hoffler  and  R.  L. 
Johnson  made  such  leg  measurements  preflight 
and  postflight  on  Apollo  and  Skylab  and,  to  avoid 
repetition,  data  from  these  measurements  were 
shared  on  Skylab.  We  extended  their  technique 
of  measurement  to  include  the  arms  on  all  Skylab 
missions  preflight  and  postflight.  The  in-flight  limb 
measurements  on  Skylab  4 were  made  with  an  un- 
attached single  tape  and  a calibrated  longitudinal 
tape. 

For  general  documentation,  a series  of  pre- 
flight, in-flight,  and  postflight  front,  side,  and  back 
photographs  were  made  with  the  crewmen  in 
standard  anatomical  position.  To  note  postural 
changes,  an  in-flight  series  of  photographs  were 
made  with  the  crewman  completely  relaxed  and 
free  floating.  An  infrared  sensitive  color  film  was 
used  in  an  attempt  to  document  the  superflcial 
venous  blood  distribution. 

The  infrared  film  had  poor  resolution  and  at  the 
last  minute,  35  mm  was  substituted  for  70  mm 


One-g  cenier  of  gravity  measurement 


Figure  32-2. — ^Techniques  used  to  measure  cenier  of 
gravity  and  center  of  mass  at  one-g  and  in  weightlessness 
(Skylnb4). 


film  further  reducing  resolution.  Quality  of  the 
in-flight  anatomical  and  postural  photographs 
suffered.  However,  a good  deal  of  vascular  detail 
could  be  determined  that  would  not  have  been 
available  on  ordinary  film. 

As  a simple  way  to  indicate  fluid  shifts,  center 
of  mass  and  center  of  gravity  (CG)  measure- 
ments were  made  (fig.  32-2).  A teeter  board 
was  used  for  these  measurements  on  Earth. 

In-flight  it  was  possible  to  obtain  center  of 
mass  directly  by  tying  a cord  around  the  subject 
and  then  pulling  the  cord  at  right  angles  to  the 
subject.  If  the  cord  was  anywhere  off  the  center 
of  mass  the  subject  would  tilt.  The  crew  claimed 
this  scheme  was  accurate  to  a few  millimeters. 

Observations  and  Data 

Figure  32-3  shows  typical  changes  of  the  pre- 
flight and  in-flight  front  view  and  the  preflight, 
in-flight,  and  postflight  side  view;  these  tracings 
of  the  Skylab  4 Scientist  Pilot  are  typical  of  the 
changes  seen.  Relaxed  postural  changes  varied 
somewhat  throughout  the  flight  and  from  indi- 
vidual to  individual.  The  posture  in  figure  32-3  is 
the  characteristic  posture  of  weightlessness. 

The  spinal  column  was  flexed  with  loss  of  the 
thoracolumbar  curve  but  with  retention  of  the 
cervical  curvature,  such  that  the  head  is  thrust 
forward.  Both  upper  and  lower  limbs  have  moved 
toward  a quadruped  position.  Postflight,  there 
was  surprisingly  little  change  from  preflight 
posture. 

Figure  32-4  are  plots  showing  the  effects  of 
gravitational  unloading  on  truncal  size.  The  Pilot 
of  Skylab  4 had  the  largest  changes  with  gain  of 
some  2 inches  in  height  and  loss  of  4 inches  in 
abdominal  girth.  Chest  girth  was  also  initially 
reduced  in  both  inspiration  and  expiration,  but 
trended  toward  “normal”  in-flight.  Postflight, 
which  is  poorly  shown  in  these  figures,  there  was 
a more  or  less  rapid  trend  toward  preflight  values. 
It  seems  that  most  of  the  increase  in  height  was 
caused  by  expansion  of  the  intervertebral  discs 
which  were  unloaded.  This  stretched  the  torso  and 
probably  aided  in  reduction  of  abdominal  girth. 
Abdominal  viscera  may  be  considered  semiliquid, 
and  when  their  weight  was  removed  the  normal 
tone  of  abdominal  muscles  moved  them  in  and 
upward.  Changes  in  chest  girth  are  not  so  easily 
explained,  but  if  the  spinal  column  moved  upward 
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without  a similar  anterior  elevation  of  the  ster- 
num, then  the  rib  (costovertebral)  angles  is  in- 
creased, effectively  reducing  thoracic  girth. 
Changes  noted  in  the  Commander  were  virtually 
the  same  as  those  noted  in  the  Scientist  Pilot. 

There  was  considerable  evidence  of  large  and 
rapid  shifts  in  fluid  from  the  lower  to  upper  body 
prior  to  Skylab  4.  Indeed,  no  subject  has  been 
discussed  more  in  space  physiology;  nevertheless, 
virtually  no  one  was  willing  to  accept  it.  Such 
large  and  rapid  shifts  seemed  to  be  contradicted 
by  the  relatively  small  gains  in  postflight  leg 
volume  which  obviously  contained  tissue  in- 
creases. Single  in-flight  midcalf  girth  measure- 
ments on  Skylab  2 and  3 were  also  misleading  for 
they  indicated  much  smaller  and  slower  changes 
consistent  with  a predominant  component  of  mus- 
cle atrophy. 

To  prove  the  point,  collection  had  to  be  sched- 
uled during  activation,  the  busiest  portion,  of  an 
already  overscheduled  mission.  The  changes  re- 
corded in  these  data  became  a tribute  to  the  flight 


crews  and  management  team  and  again  illustrated 
the  outstanding  characteristic  of  manned  space 
flight,  the  flexibility  to  optimize  returns  from  an 
experiment  or  a mission.  Leg  and  arm  volumes 
were  calculated  by  measuring  the  girth  of  each 
3-centimeter  segment  and  treating  all  the  seg- 
ments as  a tapered  cylinder,  then  summing  these 
volumes. 

Mission  day  3 was  the  earliest  possible  that 
these  measurements  could  be  scheduled,  although 
it  is  a measurement  which  should  have  started 
within  hours  of  orbital  insertion ; even  then,  only 
two  crewmen  performed  these  measurements  on 
mission  day  3.  Figure  32-5  shows  that  there  is  a 
rapid  loss  in  leg  volume;  the  curves  on  these 
plots  are  only  estimates,  and  I suspect  the  shift 
was  essentially  over  by  the  first  day.  Remember 
these  are  changes  in  one  leg  only  and  on  mission 
day  8 total  change  was  approximately  2 liters 
and  13  percent  of  total  leg  volume  for  each  crew- 
man. 

Note  that  on  recovery  the  majority  of  the  in- 


Preflight,  standing 


In-flight,  relaxed 


Preflight 


In-flight 


Postflight 


Figure  32-3. — Postural  changes,  Skylab  4 Scientist  Pilot. 


ANTHROPOMETRIC  CHANGES  AND  FLUID  SHIFTS 


333 


crease  in  leg  volume  was  complete  by  the  time  of 
first  measurement  on  the  day  of  recovery;  or 
within  a matter  of  hours  after  reexposure  to 
one-g. 

I agree  with  Dr.  Michael  Whittle  (ch.  22)  that 
the  slower  postflight  trends  show  tissue  replace- 
ment. Surprisingly,  the  arms  showed  no  evidence 
of  fluid  shift  and  the  changes  seen  were  small 
and  probably  related  to  metabolism. 

Where  did  this  fluid  go?  There  was  no  weight 


(a)  Pilot 


Figure  32-4. — Plots  showing  in-flight  and  postflight  anthro- 
pometric changes,  Skylab  4. 


loss  in  two  of  the  three  crewmen  compatible  with 
loss  of  this  amount  of  fluid. 

Center  of  mass  measurements  were  scheduled 
on  this  flight  primarily  to  follow  the  time  course 
of  fluid  shifts,  since  only  minutes  were  required 
for  the  measurement.  Unfortunately,  schedules 


(a)  Commander 


Mission  day 


(c)  Pilot 


Figure  32-5. — Change  in  left  limb  volumes,  Skylab  4. 
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were  changed  such  that  the  points  of  real  in- 
terest were  over  before  the  first  measurement 
could  be  made.  Figure  32-6  is  a plot  of  the  center 
of  mass,  the  upper  curve  shows  the  center  of  mass 
changes  and  the  complication  by  the  increase  in 
height,  shown  in  the  lower  curve.  Center  of  mass 
shifted  cephalad  more  than  could  be  accounted  for 
by  the  height  increase  which  is  another  small 
confiiTOation  of  fluid  shift. 

The  astronauts  have  long  reported  objective 
and  subjective  descriptions  of  puffy  facies,  head 
fullness,  and  other  symptoms  of  increased  fluid 
in  the  head. 

Finally,  there  are  the  photographs.  While  these 
do  not  allow  quantitation,  they  provided  powerful 
evidence  for  increased  fluid  in  the  head  and  neck 
region. 

Figure  32-7,  a photograph  of  the  Pilot  on  Sky- 
lab  2,  was  the  first  taken  for  this  purpose.  Al- 
though it  is-slightly  distorted  it  still  demonstrates 
the  puffy  facies — note  the  thickened  eyelids.  This 
in-flight  photograph  was  made  near  the  end  of 
the  mission  and  demonstrates  that  this  type  of 
edema  and  venous  congestion  still  remained. 

Next,  figure  32-8  is  a picture  of  the  Com- 
mander of  Skylab  3 with  the  preflight  view  on 
the  right-hand  side;  again  the  in-flight  photo- 
graph was  made  near  the  end  of  the  mission. 
Although  angle  and  lighting  differ,  I believe  the 
difference  in  facies  is  apparent. 

Finally,  we  have  the  assessment  of  the  in- 


Launch  Recovery 


Figure  32-6. — Center  of  gravily/cenler  of  mass,  Skylab  4 

Pilot. 


frared  photographs.  Original  plans  were  to  ma- 
chine  analyze  the  superficial  venous  pattern,  but 
the  quality  was  too  variable,  therefore,  only  a 
qualitative  assessment  was  made.  However,  sev- 
eral features  were  obvious.  From  the  first  through 
the  last  mission  the  following  was  observed  in 
all  in-flight  photographs  of  the  crewmen: 

Only  supei’ficial  veins  were  visualized. 

Foot  and  lower  leg  veins  were  not  distended  as 
they  are  in  standing  position  under  one-g. 

The  veins  were  not  completely  empty  for  the 
dorsal  arcade  of  the  foot  and  digital  branches 
were  easily  seen  with  the  infrared  film. 


Figure  32-7. — Skylab  2 Pilot  showing  the  puffy  facies  still 
present  toward  the  end  of  the  mission. 


Figure  32—8. — Skylab  3 Commander  comparing  the  puffy 
facies  in-flight  to  the  normal  facies  preflight. 
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Calf  veins  were  not  distended  but  were  still 
visible. 

Several  superior  branches  in  the  anterior  thigh 
were  moderately  full. 

Little  difference  could  be  seen  between  preflight 
and  in-flight  patterns  of  the  trunk  and  upper 
arms.  Hand  and  forearm  veins  were  well  filled 
and  distended  in-flight.  This  was  surprising 
since  superficial  arm  veins,  like  those  of  the 
leg  have  increasing  amounts  of  wall  muscle 
as  they  become  more  distal. 

Jugular  veins  were  always  completely  full  and 
distended  as  were  veins  of  temple  and  fore- 
head. 

Postflight,  there  was  a prompt  reversion  to 
preflight  pattern,  however,  foot  and  lower  leg 
filling  appeared  to  be  less  in  the  early  recovery 
period. 

Changes  in  mass  have  already  been  discussed 
and  are  obviously  related  to  the  changes  seen 
here. 

It  was  not  possible  to  document  body  composi- 
tion changes  with  specific  gravity  and  other 
measurements.  Observation  of  all  crews,  and  espe- 
cially those  on  Skylab  2 and  3,  left  the  impression 
that  loss  of  fat  had  occurred,  except  for  the  Com- 
mander of  Skylab  4.  Radioisotopic  studies  by  Drs. 
P.  C.  Johnson  and  C.  S.  Leach  confirmed  an  in- 
creased loss  of  fat  by  all  crewmen  except  the 
Commander  of  Skylab  4. 


Discussion 

What  is  the  importance  of  the  changes  observed 
under  weightlessness?  The  major  changes  are 
shown  in  table  32-1. 

Change  in  height  is  as  much  a conversation 
piece  as  anything  else.  One  crewman,  for  exam- 
ple, is  shorter  than  his  wife  and  was  elated  to 
find  in-flight  that  he  was  finally  taller.  Postflight 
there  was  an  undershoot,  and  he  came  home  to 
her  on  the  third  day  postflight  shorter  than  ever. 
Such  changes  provide  new  data  points  for  those 
studying  the  human  skeleton  and,  hopefully,  will 
add  to  the  knowledge  of  it. 

In  future  flight,  allowances  may  have  to  be 
made  in  custom  fitted  gear.  For  example,  small 
height  increases  greatly  increase  the  difficulty  of 
donning  pressure  suits;  these  difficulties  are  re- 
ported in  the  Task  and  Work  Performance  studies 
in  chapter  16. 

Reduction  in  waist  girth  with  cephalad  shift  of 
abdominal  viscera  probably  alters  maximum  lung 
volumes  but  to  no  great  extent.  Vital  capacity  is 
reduced  by  lying  down  in  one-g  and  the  effects 
are  somewhat  analagous.  Apparently  it  did  alter 
some  internal  relationships  for  at  least  one  crew- 
man felt  that  running  and  jumping  on  the  tread- 
mill produced  unpleasant  jouncing  of  gastric  con- 
tents. One  could  speculate  on  the  effects  that  such 
shifts  would  have  on  pathological  processes  of  the 
bowel — e.g.,  hiatus  hernia  or  a perforation.  It  is 


Table  32-1. — Major  Anthropometric  Changes 


Truncal 

Change 

Cause 

Effect 

Change  in  height. 

Reduced  load  on  spine  with — 

Pressure  suit  entry  and  fit. 

Loss  of  thoracolumbar 

Fit  of  other  personally  fitted 

curvature. 

gear. 

Expansion  of  inter- 

Possibly changes  in  thoracic 

vertebral  discs. 

cage. 

Reduction  in  waist 

Weightless  abdominal  contents 

Probably  alteration  in  respira- 

girth. 

are  pushed  ‘‘in”  and  “up” 

tory  function  and  capacity. 

by  unopposed  tone  of  ab- 

Change in  internal  structural 

dominal  muscles. 

relations. 

Reduction  in  chest 

Possible  increase  of  costal 

Possible  alteration  in  respira- 

girth. 

angle  from  increase  in 
spinal  length. 

tory  function  and  capacity. 
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hardly  necessary  to  comment  on  the  changes  in 
chest  girth  which  were  small. 

In-flight  postural  changes  are  listed  in  table 
32-11.  These  postural  changes  have  two  signifi- 
cant considerations.  Human  engineering  should 
allow  for  the  most  efiiicient  work  positions  in  the 
future.  For  example,  a chair  designed  for  use  in 
one-g  to  support  the  weight  of  legs  and  torso,  is 
not  shaped  to  provide  good  passive  support  in 
weightlessness.  The  body  has  to  be  forced  into 
such  a position  by  use  of  a tight  waist  restraint. 
Secondly,  these  changes  under  weightlessness 
should  be  of  interest  to  those  making  theoretical 
studies  of  postural  mechanisms  and  the  like  and 
provide  them  with  new  data  points. 

Fluid  shifts  are  of  more  importance.  Although 
tissue  fluid  and  blood  shifts  are  so  closely  inter- 
related as  to  be  difficult  to  separate,  I feel  some- 
thing is  gained  by  treating  them  separately.  Blood 
shifts  occur  rapidly;  they  begin  seconds  after 
change  in  forces  but  their  long-term  effects  may 
last  months. 

Standing  upright  under  one-g,  veins  and  ar- 
teries below  the  heart  have  increasing  hydrostatic 
pressure  as  the  veins  descend  toward  the  feet 
where  the  force  may  be  80  to  100  mm  Hg.  Shortly 
above  the  heart,  the  venous  pressure  becomes 
zero  and  the  vessels  are  virtually  empty  and  at 
least  partially  collapsed.  Under  weightlessness, 
without  this  superimposed  hydrostatic  pressure, 
venous  pressure,  except  for  negligible  flow  pres- 
sures, are  the  same  throughout  the  body.  Volumes 


are  now  shifted  only  in  response  to  the  compli- 
ances, the  tension  if  you  will,  of  the  various  areas 
of  the  venous  systems.  The  result  is  that  we  have 
essentially  central  venous  or  right  atrial  pressure 
throughout  the  entire  venous  system.  Veins  such 
as  head  and  neck  which  are  normally  empty,  fill 
until  their  back  pressure  is  equal  to  that  of  the 
pressure  in,  for  example,  a foot  vein,  which  de- 
velops the  same  pressure  at  a much  smaller  vol- 
ume. When  a subject  changes  from  a standing  to  a 
lying  position  under  one-g,  a nominal  700  millili- 
ters of  blood  leaves  the  legs  and  probably  a com- 
parable volume  is  shifted  centrally.  Most  of  this 
blood  volume  moves  to  that  undefined  “central 
volume”  and  produces  a small  increase  in  pressure 
with  a probable  effect  of  increasing  cardiac  output. 

A second  result  of  the  fluid  shift  produced  re- 
sults that  were  easier  to  document.  Certain  body 
sensors  detect  this  as  an  abnormally  large  volume 
and  cause  plasma  to  be  reduced  thus  leaving  high 
hemoglobin  and  hematocrits  in  the  circulating 
blood  (ch.  26).  An  as  yet  unknown  sensor  is 
activated  to  detect  and  reduce  over  a matter  of 
weeks  red  blood  cell  production  such  that  red 
cell  mass  becomes  appropriate  to  the  new  volume. 
Such  readjustment  to  altered  volumes  are  also 
seen  under  one-g;  for  example,  individuals  with 
leg  varicosities  have  increased  blood  volumes.  I 
think  that  the  reduced  loss  of  red  cell  mass  in  the 
Skylab  4 Commander  is  further  evidence  of  re- 
duced leg  venous  volume.  Table  32.-III  illustrates 
this. 


Table  32-11. — In-flight  Postural  Changes 


Relaxed 


Position 


Cause 


Effect 


Flexion  of  thoraco- 
lumbar spine  with 
cervical  curvature 
preserved. 

Legs  are  semiflexed. 


Arms  are  elevated. 


Removal  of  anterior  center  of 
gravity  with  unopposed 
forces  of  vertebral 
musculature. 

Tilt  of  pelvis  secondary  to 
flexion  of  spine — unbalanced 
weightless  legs  with  imbal- 
ance of  resting  muscle 
forces. 

Weightless  arms  with  imbal- 
ance of  resting  muscle 
forces. 


Pushes  head  anteriorly  and  in- 
feriorly  making  new  position. 


Renders  one-g  seating  unsuit- 
able for  zero-g  since  body 
must  work  to  maintain 
one-g  position. 

This  with  flexion  of  back  puts 
arms  and  head  in  unusual 
relationship  for  work  or 
study. 
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Table  32-III. — Fluid  Shifts — Blood — 
Weightlessness 


1.  Removal  of  hydrostatic  forces  produces  essentially  uni- 

form pressure  throughout  the  venous  system. 

2.  Differing  tensions  throughout  the  venous  system  redis- 

tributes blood. 

a.  Higher  effective  tension  of  leg  veins  force  a quantity 

of  blood  out  of  the  legs. 

b.  Lower  effective  tension  of  head  and  neck  veins  ac- 

cept a small  volume  of  blood  which  increases  pres- 
sure and  distension. 

c.  Remainder  of  blood  increases  central  venous  volume 

and  pressure. 

3.  Sensors  reduce  volume  by  reducing  plasma  volume. 

4.  Unknown  sensors  detect  “excess”  red  blood  cells  and 

reduce  production  until  normal  values  are  reached. 

5.  Reduced  blood  volume  is  appropriate  for  effective  reduc- 

tion of  total  venous  volume  in  weightlessness  but  in- 
appropriate for  one-g  or  one-g  simulations. 

6.  Increased  filling  pressure  may  increase  cardiac  output. 


On  return  to  one-g,  a reverse  process  ensues. 
After  the  first  day  repeated  blood  tests  show  an 
anemia  which  is  slowly  replaced  by  an  increasing 
red  cell  mass.  These  changes  are  delineated  in  ta- 
ble 32-IV. 


Table  32-IV. — Fluid  Shifts. — Blood — Reexposure 
to  One-g 


1.  Hydrostatic  pressures  increase  effective  venous  capacity 

by  expansion  of  leg  veins. 

2.  Central  volume  and  pressures  are  decreased. 

3.  Plasma  volume  expands  reducing  hematocrit. 

4.  Red  blood  cell  production  is  resumed  or  increased  until 

new  equilibrium  is  reached. 


Tissue  fluid  shifts  are  larger  in  volume  than 
blood  shifts  but  somewhat  slower  acting.  When 
standing  under  one-g  there  is  a hydrostatic  col- 
umn of  up  to  80  to  100  mm  Hg  pressure  on  ar- 
teries, veins,  and  capillaries  in  the  foot.  This  pres- 
sure is  opposed  by  tissue  pressures  and  after  a 
period  of  extravasation  they  equalize.  Under 
weightlessness,  the  reverse  occurs  with  resorbtion 
of  fluid  by  the  tissues  until  transmural  pressures 
are  again  balanced.  In  the  upper  body  areas  and 
particularly  the  head,  we  have  the  opposite  effect 
from  increased  transmural  pressure  which  pro- 


duces edema.  These  processes  are  simultaneous. 
Tissue  fluid  shifts  are  delineated  in  table  32-V. 


Table  32-V. — Fluid  Shifts. — Tissue 


1.  Below  the  heart: 

a.  Hydrostatic  forces  removed  from  blood  column,  ve- 

nous, and  arterial  cause: 

increased  transmural  resorbtion  from  decreased 
pressure  in  legs  with  resultant  rapid  loss  of  fluid 
from  legs, 

reduction  in  tissue  pressures  in  leg  which  may 
effect  venous  compliance. 

b.  Change  in  hydrostatic  forces  may  be  caused  by  small 

to  moderate  loss  of  fluid  through  diuresis  or  de- 
creased intake. 

2.  Above  the  heart: 

a.  Hydrostatic  forces  removed  from  blood  columns  and 
increased  transmural  pressures  cause: 
edema  to  tissues  of  body  above  heart, 
possible  effects  on  vestibular  apparatus. 


Whether  this  shift  of  fluid  produces  an  increase 
in  intravascular  volume  or  not  depends  upon  how 
rapidly  fluid  is  regained  from  some  areas  and  lost 
to  others.  It  is  at  least  theoretically  possible  that 
fluid  is  lost  more  rapidly  than  it  is  gained,  with  a 
reduction  of  intravascular  volume.  I do  not  think 
this  happens  and  expect  there  may  be  a very  slight 
expansion  of  intravascular  volume  which,  coupled 
with  the  blood  from  leg  veins,  may  result  in  a 
small  fluid  loss  via  the  Gauer-Henry  scheme  (in- 
creased atrial  pressure  and  diuresis),  or  some 
other  mechanism.  However,  remember  that  tissue 
fluid  shifts  occur  under  one-g  without  undue  di- 
uresis. Legs  are  smaller  in  the  morning  and  eyes 
are  puffy,  and  a shave  lasts  longer  if  made  an 
hour  or  so  after  arising. 

Fluid  shifts  should  be  investigated  as  a pos- 
sible participant  in  the  vestibular  upsets  (ch.  11) 
that  have  occurred.  Time  course  and  other  as- 
pects of  these  vestibular  upsets  are  suggestive 
and  I have  no  hard  evidence  for  or  against  this. 

Summary 

In  summary  we  have  documented  for  the  first 
time  anthropometric  changes  and  the  correct  mag- 
nitude and  time  course  of  fluid  shifts  under 
weightlessness  that  have  implications  for  future 
human  factors  engineering  and  that  explain  some 
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medical  phenomena.  More  importantly  these  data 
provide  a fundamental  point  of  departure  for 
future  research. 

Bedrest  studies  for  example  have  not  properly 
considered  such  fluid  shifts.  We  now  have  better 
criteria  for  evaluating  the  fidelity  of  weightless 
analogs  such  as  bedrest  and  water  immersion. 

Most  importantly  we  again  find  the  human  body 
capable  of  making  stable  adaptation  to  two  widely 
differing  environments  in  an  amazingly  short 
time.  In  the  course  of  these  experiments,  I think 
data  has  been  offered  to  justify  the  title  “Eai*th 
man — Space  man.” 
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Vectorcardiographic  Changes  During  Extended 
Space  Flight  (M093):  Observations  at  Rest  and 
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The  objectives  of  Skylab  Experiment  M093 
were  to  measure  electrocardiographic  sig- 
nals during  space  flight,  to  elucidate  the  electro- 
physiological  basis  for  the  changes  observed,  and 
to  assess  the  effect  of  the  change  on  the  human 
cardiovascular  system.  Vectorcardiographic  meth- 
ods were  used  to  quantitate  changes,  standardize 
data  collection,  and  to  facilitate  reduction  and 
statistical  analysis  of  data.  Since  the  Skylab  mis- 
sions provided  a unique  opportunity  to  study  the 
effects  of  prolonged  weightlessness  on  human 
subjects,  an  effort  was  made  to  construct  a data 
base  that  contained  measurements  taken  with 
precision  and  in  adequate  number  to  enable  con- 
clusions to  be  made  with  a high  degree  of 
confidence.  Standardized  exercise  loads  were  in- 
corporated into  the  experiment  protocol  to  in- 
crease the  sensitivity  of  the  electrocardiogram 
for  effects  of  deconditioning  and  to  detect  suscep- 
tibility for  arrhythmias. 

Vectorcardiography  provides  a comprehensive, 
three-dimensional  approach  to  the  analysis  of 
electrocardiographic  data  which  has  proven  to  be 
useful  in  both  clinical  (ref.  1,  2)  and  research 
applications  (refs.  3,  4).  Vectorcardiographic 
techniques  have  been  utilized  to  quantitate  electro- 
cardiographic changes  during  bedrest  experi- 
ments (ref.  4)  and  Keplerian  parabolic  flights 
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(ref.  5).  In-flight  vectorcardiograms  were  not 
obtained  during  the  Mercury,  Gemini,  or  Apollo 
missions,  although  preflight  and  postflight  vector- 
cardiograms were  obtained  for  Apollo  15,  16,  and 
17. 

The  purpose  of  this  report  is  to  describe  the 
M093  experiment  design,  the  data  reduction  meth- 
ods, and  to  report  the  analyses  of  data  from  the 
three  Skylab  missions. 

Methods 

Experiment  Design. — Vectorcardiograms  were 
taken  at  rest,  during  and  after  exercise  in  each 
crewman  in  the  preflight,  in-flight,  and  postflight 
phases  of  the  Skylab  missions.  Experiment  M093 
was  designed  primarily  to  obtain  electrocardio- 
graphic data.  In  a second  Skylab  experiment,  M171 
Metabolic  Activity  (ch.  36) , the  Frank  lead  system 
(ref.  6)  was  applied  for  the  purpose  of  obtaining 
electrocardiographic  data  during  more  strenuous 
exertion.  In  both  experiments  vectorcardiograms 
were  obtained  from  the  crewmen  at  rest  for  5 min- 
utes. In  experiment  M093  the  subject  exercised  on 
the  bicycle  ergometer  at  a work  load  of  150  watts 
for  2 minutes;  during  experiment  M171  the  sub- 
ject exercised  on  the  ergometer  at  levels  equivalent 
to  25,  50,  and  75  percent  of  his  maximum  aerobic 
capacity  which  was  determined  prior  to  the  flight. 
The  subject  exercised  for  5 minutes  at  each  work 
load  for  a total  of  15  minutes.  After  the  single 
exercise  load  in  experiment  M093,  vectorcardio- 
grams were  obtained  for  10  minutes.  In  experi- 
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ment  M171,  postexercise  vectorcardiograms  were 
obtained  for  5 minutes.  The  exercise  profiles  are 
depicted  in  figure  33-1.  The  ergometer  is  dis- 
cussed in  appendix  A,  section  I.f.  Mechanical 
problems  in  the  Orbital  Workshop  during  the 
early  portion  of  Skylab  2 caused  scheduling  con- 
flicts which  resulted  in  the  deletion  of  the  M093 
protocol  during  that  flight.  However,  the  M093 
protocol  was  performed  throughout  the  Skylab 
3 and  Skylab  4 missions. 

Instrumentation. — Eight  electrodes  of  the  vec- 
torcardiograph (appendix  A,  section  I.d.)  were 
applied  to  the  crewmen  in  a modified  Frank  lead 
configuration.  To  lessen  muscle  noise  during  ex- 
ercise, the  lead  system  was  modified  by  transfer- 
ring the  left  leg  electrode  to  the  left  sacral  region 
since  the  potential  difference  between  the  left  leg 
and  the  left  sacrum  is  negligible.  The  resistor  net- 
work proposed  by  Frank  (ref.  6)  was  utilized  to 
correct  for  the  distortion  of  the  cardiac  dipole 
field  that  results  from  the  shape  of  the  torso  and 
the  eccentric  location  of  the  heart  in  the  chest. 
The  output  of  the  network  is  theoretically  pro- 
portional to  the  orthogonal  components  of  the 


Ergometer  exercise,  150  w,  2 min 
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Figure  33—1. — Ergometer  exercise  profiles  for  experiments 
M093  and  Ml 71.  For  the  Ml 71  protocol,  the  maximum 
aerobic  capacity  of  each  astronaut  was  determined  prior 
to  the  flight  and  the  work  levels  were  25,  50,  and  75 
percent  of  this  value. 


cardiac  dipole.  In  the  preflight  period  the  elec- 
trode sites  were  marked  on  each  crewman’s  body 
by  a small  tattoo  and  immediately  before  the  run 
the  electrode  site  was  prepared  with  benzalkon- 
ium  chloride.  After  attaching  the  electrodes  to 
the  body,  the  ground  reference  electrode  was 
tested  to  determine  if  there  was  proper  isolation 
of  the  subject  from  the  spacecraft  ground,  then 
each  electrode  was  tested  in  sequence  to  determine 
the  impedance  of  the  skin-electrode  interface.  The 
electrode  contact  was  considered  to  be  satisfactory 
if  the  impedance  was  less  than  100  000  ohms.  To 
prevent  the  electrocardiographic  signals  from 
exceeding  the  dynamic  range  of  the  recording 
system,  the  proper  signal  conditioner  gain  for 
each  crewman  was  determined  prior  to  the  flight 
and  the  appropriate  switch  position  selected  for 
the  individual  at  the  start  of  the  experiment  run. 

The  spacecraft  recording  and  telementry  sys- 
tem accepted  analog  signals  from  the  vectorcar- 
diographic  amplifliers  and  arranged  these  data 
into  binary  coded  words  at  a rate  of  320  samples 
per  second. 

Data  were  transmitted  at  “greater-than-real 
time”  rates  during  passes  over  receiving  stations, 
a procedure  referred  to  as  data  “dumps.”  Due  to 
the  volume  of  data  from  Skylab  experiments  it 
was  necessary  to  compress  the  vectorcardio- 
graphic  data  and  eliminate  redundant  samples. 
A zero  order  predictor  algorithm  was  selected 
as  the  data  compression  technique.  In  essence,  a 
digital  sample  of  a parameter  was  tested  to  deter- 
mine if  it  differed  from  the  value  of  the  sample 
last  transmitted.  If  there  was  no  difference  be- 
tween the  current  sample  and  the  previous  sam- 
ple, the  value  was  considered  to  be  redundant  and 
not  transmitted  to  L.  B.  Johnson  Space  Center. 

Computer  Analysis  Program. — The  pattern 
recognition  logic  of  the  M093  program  is  based 
on  a statistical  method  for  identifying  compo- 
nents of  the  vectorcardiogram  as  well  as  empiri- 
cally derived  fiducial  values.  The  program  consists 
of  a main  program  and  10  subprograms  that  scale 
and  analyze  the  data.  The  main  program  initial- 
izes constants,  enters  identifying  information, 
enters  data  pertaining  to  the  length  of  calibration 
and  length  of  experimental  data,  generates  a 
digital  filter,  and  serves  as  a control  program  for 
the  subroutines.  The  subroutines  compute  scale 
factors  from  the  calibration  pulses,  apply  digital 
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filtering,  define  the  baseline,  determine  onset  and 
end  of  waves  and  segments,  and  generate  a tabular 
and  graphical  output  of  vectorcardiographic 
items.  An  optional  subroutine  derives  the  12  con- 
ventional electrocardiograms  from  the  three  or- 
thogonal vector  leads  or  derives  any  lead  for  which 
spatial  coordinates  are  given.  The  following  vec- 
torcardiographic items  are  measured  or  calculated : 

P,  QRS,  T duration ; start  and  end  time. 

P,  QRS,  T maximum  voltage  X,  Y,  Z leads; 
time  of  occurrence. 

P,  QRS,  T vector  loop  length. 

P,  QRS,  T maximum  vector  magnitude,  azi- 
muth, elevation ; time  of  occurrence. 

P,  QRS,  T maximum  vector  velocity;  time  of 
occurrence. 

P,  QRS,  T,  ST  area  X,  Y,  Z leads. 

P,  QRS,  T,  ST  spatial  mean  vector  magnitude, 
azimuth,  elevation. 

Ventricular  gradient  magnitude,  azimuth,  ele- 
vation. 

QRS  instantaneous  vector  magnitude,  azimuth, 
elevation  at  10  millisecond  intervals. 

Angle  between  spatial  mean  QRS-T  vectors. 

Slope  and  curvature  ST  segment. 

Heart  rate. 

A program  for  statistical  analysis  of  intra- 
experiment data  has  been  used  in  series  with  the 
M093  analysis  program.  The  statistical  program 
provides  tabular  output  and  graphic  displays  of 
both  standard  statistical  parameters  and  special 
statistical  metrics  for  directional  measurements. 

Data  Management. — For  crew  safety  during 
the  flights,  the  electrocardiographic  signals  from 
each  experiment  were  examined  within  24  hours 
for  changes  of  clinical  importance.  Occasionally 
when  the  Orbital  Workshop  was  in  communication 
range  and  an  experiment  was  in  progress,  electro- 
cardiographic signals  were  available  for  immedi- 
ate analysis.  In  most  cases,  however,  due  to  the 
gaps  in  ground  station  coverage,  the  complete 
data  from  the  expei’iment  were  not  available  until 
12  to  24  hours  following  the  run.  An  analog  ver- 
sion of  the  lead  transformation  algorithm  was 
available  to  convert  the  three  orthogonal  vector- 
cardiographic leads  to  a conventional  12  lead 
electrocardiogram.  Combinations  of  electrical  re- 
sistance were  chosen  to  provide  the  best  match 
between  electrocardiographic  signals  obtained 


from  the  standard  clinical  leads  and  the  derived 
electrocardiographic  signals.  Circuit  boards  were 
constructed  for  each  astronaut  and  inserted  into 
the  synthesizing  unit  when  an  experiment  was  in 
progress.  Figure  33-2a  is  an  actual  12-lead  elec- 
trocardiogram from  the  Commander  of  Skylab  2. 
Figure  33-2b  shows  the  12  leads  that  were  de- 
rived from  the  vectorcardiographic  signal.  Micro- 
film copies  of  the  computer  analysis  of  experiment 
data  were  available  within  48  hours  after  the 


Figure  33— 2a. — Conventional  12-lead  electrocardiogram 
from  Skylab  2 Commander. 


Figure  33— 2b. — ^Twelve-lead  electrocardiogram  derived 
from  Frank  orthogonal  leads. 


342 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


experiment  was  performed.  These  reduced  data 
were  reviewed  and  after  inspection  of  an  ana- 
log reconstruction,  spurious  values  were  deleted 
from  the  data  base. 

Results 

Vectorcardiographic  parameters  from  131  in- 
flight tests  were  analyzed  by  digital  computer  and 
compared  to  preflight  and  postflight  values.  The 
vectorcardiographic  items  examined  were  heart 
rate,  QRS  duration,  QRS  maximum  vector  magni- 
tude and  direction,  T maximum  vector  magnitude 
and  direction,  PR  interval,  QT  interval,  area  of 
ST  segment  X lead,  and  the  spatial  angle  between 
QRS  and  T mean  vectors. 

A statistically  significant  increase  in  QRS  maxi- 
mum vector  magnitude  occurred  in  six  of  the  nine 
crewmen.  To  facilitate  comparison  between  crew- 
members, the  data  were  normalized  by  dividing 
each  value  by  the  preflight  mean  for  that  indivi- 
dual. Thus  unity  on  the  graph  indicates  that  there 
is  no  difference  between  that  data  point  and  the 
crewman’s  preflight  mean.  These  trend  plots  are 
shown  for  the  three  Skylab  missions  in  figures 
33-3,  33-4,  and  33-5  respectively.  Although  crew 
trends  were  similar  during  the  three  Skylab  mis- 
sions, there  were  interesting  individual  differ- 
ences in  the  time  course  of  the  magnitude  changes. 

For  example,  in  some  astronauts  the  increase 


Figure  33—3. — Crew  QRS  vcclor  magnitude  trends  during 
Skylab  2 mission.  Data  plotted  as  fractional  change  from 
the  mean  preflight  value. 


in  QRS  maximum  vector  magnitude  began  in  the 
preflight  period  as  depicted  in  figures  33-6  and 
33-7  and  in  other  crewmen  the  preflight  increase 
was  not  evident,  as  shown  in  figure  33-8.  It  should 
be  noted  that  the  data  points  are  spaced  equally 
on  the  abscissa  of  figures  33-6,  and  33-7  although 
the  actual  time  intervals  between  the  experiments 
were  not  equal.  The  preflight  data  collection  pe- 
riod for  Skylab  2 was  approximately  6 months; 
thus,  the  rate  of  QRS  maximum  vector  magnitude 
increase  was  considerably  greater  during  the 
flight  than  in  the  preflight  period.  The  magnitude 
of  the  spatial  T vector  increased  in  five  of  the  nine 
Skylab  crewmen  and  although  the  increase  was 
statistically  significant,  variation  in  the  measure- 
ments was  large.  There  were  no  consistent 
changes  in  QRS,  T,  or  ST  vector  direction  during 
the  flights. 

The  duration  of  the  PR  interval  measured  at 
rest  increased  in  six  of  nine  crewmen  during  the 
three  flights  and  the  crew  trends  for  Skylab  3 
and  Skylab  4 are  shown  in  figures  33-8  and  33-9. 

However,  the  average  PR  interval  for  each  in- 
flight test  did  not  exceed  the  clinical  standard 
for  the  upper  limit  of  normal  (0.20  seconds)  in 
any  crewman.  During  exercise  the  PR  interval  did 
not  show  a significant  difference  from  the  PR 
interval  duration  for  comparable  exercise  in  the 
preflight  period.  A significant  decrease  in  the 
resting  heart  rate  was  observed  in  the  Skylab  2 
crew  during  the  flight.  However,  a significant 
change  in  resting  heart  rate  was  not  a crew  trend 
in  the  later  missions.  In  general,  the  average 
heart  rate  during  the  third  level  of  exercise,  M171 
protocol  remained  the  same  as  preflight  or  tended 
to  decrease  slightly  during  the  flights.  In  the  im- 
mediate postflight  period  there  was  a marked 
increase  in  the  resting  heart  rate  and  heart  rate 
response  to  a given  exercise  load.  As  an  example, 
the  heart  rate  responses  during  Skylab  4 are 
shown  in  figures  33-10  and  33-11. 

The  scalar  analog  reconstructions  of  the  digital 
vectorcardiographic  signals,  the  12-lead  electro- 
cardiograms obtained  with  the  transformation 
circuitry,  and  instantaneous  vector  loop  displays 
were  reviewed  to  check  the  technical  quality  of 
the  data  and  to  detect  changes  of  clinical  impor- 
tance. During  the  three  Skylab  missions  there 
were  no  ST  segment  abnormalities  that  suggested 
myocardial  ischemia  or  other  changes  in  the  con- 
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figuration  of  the  electrocardiographic  waveforms 
that  were  considered  to  be  adverse.  During  the 
three  flights  cardiac  arrhythmias  were  occasion- 
ally observed.  The  Commander  of  Skylab  2 had 
multiple  ventricular  ectopic  beats  during  the  third 
level  of  exercise  on  the  initial  in-flight  M171  test 
but  no  arrhythmias  were  evident  in  the  exercise 
tests  that  the  Pilot  of  Skylab  2 performed  in  the 
preflight  period  and  during  the  mission.  However, 
during  the  third  level  of  exercise  (M171  protocol) 
21  days  after  recovery  he  had  salvos  of  ectopic 
ventricular  beats  for  approximately  minutes. 
A representative  segment  of  the  arrhythmia  is 
shown  in  figure  33-12.  The  ectopic  beats  were 
considered  to  be  ventricular  in  origin  because  the 
initial  beat  in  the  salvo  was  often  a ventricular 
fusion  beat,  the  isolated  ectopic  beats  did  not 
alter  the  sinus  rhythm,  and  the  degree  of  QRS 
aberration  was  not  clearly  related  to  the  coupling 
interval  of  the  premature  beat.  Furthermore,  the 
ectopic  complexes  had  a monophasic  configuration 


in  lead  Vi  which  suggests  a ventricular  origin 
for  the  arrhythmia.  He  was  monitored  for  72 
hours,  no  arrhythmias  were  detected  and  he  has 
had  no  difficulty  on  subsequent  heavyload  exercise 
tests. 

The  Scientist  Pilot  of  Skylab  3 had  premature 
ventricular  beats  sporadically  during  the  second 
Skylab  mission.  On  mission  day  8 during  a long 
extravehicular  activity  period  he  was  noted  to  have 
80  premature  ventricular  beats  over  a hour 
period  of  observation.  These  ectopic  beats  were 
isolated  in  occurrence  and  had  a configuration 
suggesting  a unifocal  origin.  This  astronaut  also 
had  intermittent  periods  of  atrioventricular  junc- 
tional rhythm  at  rest  throughout  the  flight.  On 
mission  day  21  the  Commander  of  Skylab  3 had 
a 3-beat  run  of  atrioventricular  dissociation  pre- 
sumably due  to  advanced  atrioventricular  block. 
The  atrial  rate  was  50  and  the  junctional  escape 
rate  was  approximately  39.  The  episode  occurred 
during  the  recovery  phase  of  experiment  M092 


Figure  33-4. — Crew  QRS  vector  magnitude  trends  during  Skylab  3. 
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Mission  day 


Recovery 


Figure  33—5, — Crew  QRS  vector  magnitude  trends  during  Skylab  4. 


and  was  not  observed  in  later  tests.  The  crew  of 
Skylab  4 had  premature  ventricular  beats  spo- 
radically throughout  the  mission.  On  mission  day 
43  the  Commander  had  two  consecutive  ectopic 
ventricular  beats  during  the  third  level  of  exercise 
M171  protocol  and  on  mission  day  83  he  had  three 


Figure  33—6. — Evolution  of  QRS  vector  magnitude  change 
in  the  Commander  and  Pilot  of  Skylah  2.  Experiments 
are  spaced  equally  on  abscissa  although  the  time  inter- 
vals between  the  experiments  were  not  equal. 


successive  ventricular  fusion  beats  during  the  first 
exercise  level  of  an  M171  test.  The  Pilot  of  Skylab 
4 had  atrioventricular  junctional  rhythms  at  rest 


Test  number 


Figure  33—7. — Evolution  of  QRS  vector  magnitude  changes 
in  the  Scientist  Pilot  of  Skylab  3. 


Fractional  change 
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Figure  33—8. — Crew  PR  interval  duration  trends  (resting)  during  Skylab  3.  Data  plotted 
as  fractional  change  from  the  mean  preflight  value. 


Figure  33—9. — Crew  PR  interval  control  duration  during  Skylab  4. 
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and  after  release  of  lower  body  negative  pressure. 
There  was  no  impairment  of  function  during  the 
arrhythmia. 

Discussion 

Elucidation  of  the  mechanisms  that  underlie 
the  cardiac  electrical  changes  is  made  difficult  by 
the  large  number  of  uncontrolled  environmental 
and  physiological  variables  that  were  operative 
during  the  Skylab  flights.  It  is  known  that  electro- 
cardiographic changes  occur  when  there  are  shifts 
in  the  anatomical  position  of  the  heart,  with  hypo- 
kalemia, with  perturbations  of  the  autonomic 
nervous  system,  with  changes  in  the  volume  of 
intracavitary  blood,  and  with  physical  condition- 
ing and  ‘‘deconditioning.''  These  factors  have 
either  been  shown  to  vary  during  space  flight  or 
alterations  in  these  factors  would  intuitively  be 
expected  in  a weightless  environment. 

The  increase  in  the  magnitude  of  the  QRS 


maximum  vector  is  an  especially  interesting 
change  because  this  has  been  a crew  trend  in 
each  Skylab  flight.  In  the  majority  of  the  astro- 
nauts the  QRS  maximum  vector  magnitude  has 
progressively  increased  during  the  flight  and  in 
several  the  upward  trend  began  prior  to  the  flight. 
The  T maximum  vector  magnitude  also  tended 
to  increase  but  variation  between  measurements 
was  greater.  The  changes  observed  during  the 
Skylab  flights  differ  from  left  ventricular  hyper- 
trophy encountered  clinically  in  that  the  angle 
between  the  spatial  QRS  and  T vectors  was  un- 
changed or  decreased  in  the  astronauts  and  with 
pathological  left  ventricular  hypertrophy  the 
angle  characteristically  increases.  The  QRS  and 
T magnitude  increase  and  the  directional  rela- 
tionship between  the  QRS  and  T vectors  resemble 
those  changes  seen  in  athletes  whose  electro- 
cardiograms are  followed  during  a physical  condi- 
tioning program  (ref.  7).  Similarly  in  dogs  given 


Figure  33-10. — Skylab  4 crew  resting  heart  rate  plotted  as  a fraction  of  the  mean  pre- 
flight value 
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heavy  exercise  loads  over  a 12-week  period,  Wyatt 
and  Mitchell  observed  a decrease  in  resting  heart 
rate,  a decrease  in  heart  rate  response  to  a stand- 
ard work  load,  and  an  increase  in  QRS  spatial 
vector  magnitude  (ref.  8). 

Increased  intracavitaiy  blood  due  to  the  centrip- 
etal shift  of  volume  during  weightlessness  may 
be  another  mechanism  that  contributed  to  the 
increase  in  QRS  maximum  vector  magnitude. 
From  a theoretical  analysis  Brody  (ref.  9)  pre- 
dicted that  an  increase  in  intracavitary  blood 
would  augment  potentials  from  radially  oriented 
cardiac  dipoles  and  attenuate  those  from  tangen- 
tially oriented,  dipoles.  Since  the  radially  oriented 
dipoles  have  the  most  marked  influence  on  the 
QRS  vector,  the  net  effect  of  increased  diastolic 
volume  would  be  to  increase  QRS  vector  magni- 
tude. Millard,  Hodgkin,  and  Nelson  (ref.  10)  us- 


ing a series  of  physiological  interventions  in 
experimental  animals  have  confirmed  the  validity 
of  the  Brody  effect.  Morganroth,  et  al.  (ref.  11) 
determined  left  ventricular  volumes,  wall  thick- 
ness, and  mass  by  echocardiograph  in  26  actively 
competing  college  athletes.  Athletes  competing  in 
events  requiring  strenuous  isotonic  exercise  had  in- 
creased left  ventricular  volume  without  increased 
wall  thickness  and  athletes  competing  in  isometric 
events  had  increased  wall  thickness  without  in- 
creased left  ventricular  volume.  Thus,  centripetal 
shift  of  fluid  and  isotonic  exercise  may  have  had 
an  additive  effect  in  causing  the  increased  QRS 
vector  magnitude  that  has  been  observed  during 
the  Skylab  flights.  Measurement  of  cardiac  dia- 
stolic dimensions  by  echocardiography  during  the 
preflight  and  postflight  period  of  Skylab  4 sug- 
gested a decrease  in  the  transverse  cardiac  dimen- 


Figure  33-11. — Average  Skylab  4 crew  heart  rate  during  the  highest  level  of  exercise  of 
the  M171  protocol.  The  data  are  plotted  as  a fraction  of  the  mean  preflight  value.  It 
should  be  noted  that  the  exercise  loads  were  decreased  in  the  immediate  postflight 
period. 
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sion  on  the  first  day  after  recovery  in  two  of  the 
three  crewmen  (see  ch.  35).  However,  after  each 
mission  the  QRS  maximum  vector  magnitude  has 
remained  increased  for  5 to  10  days. 


An  increase  in  the  PR  inteiwal  duration  was  a 
common  observation  during  the  three  Skylab 
missions.  The  PR  interval  duration  is  a composite 
of  the  conduction  time  through  intra-atrial  path- 


Figcre  33-12. — ECC  during  arrliythniia  experienced  21  days  postflight  by  the  Pilot  of 
Skylab  2.  The  ECG  was  taken  during  exercise  and  six  frontal  plane  leads  are  shown. 
The  analysis  of  the  arrhythmia  is  discussed  in  the  text. 


VECTORCARDIOGRAPHIC  CHANGES  DURING  EXTENDED  SPACE  FLIGHT 


349 


ways,  the  atrioventricular  node,  the  bundle  of 
His,  the  bundle  branches,  and  the  Purkinje  sys- 
tem. Since  conduction  in  the  atrioventricular  node 
is  longer  than  in  the  other  components,  for  clin- 
ical purposes  the  PR  interval  duration  serves  as 
an  estimate  of  atrioventricular  node  conduction. 
Although  drugs  such  as  digitalis,  beta-adrenergic 
blockade,  and  nodal  ischemia  can  cause  prolonga- 
tion of  atrioventricular  conduction  time,  an  in- 
crease in  vagal  tone  is  a more  likely  explanation 
of  the  prolongation  of  the  PR  intervals  seen  in  the 
Skylab  astronauts.  Further  support  for  this  ex- 
planation comes  from  the  observation  that  the 
PR  duration  during  exercise  in-flight  was  the 
same  as  the  PR  interval  duration  measured  in 
the  preflight  period  during  comparable  exercise. 
Thus  the  adrenergic  influence  of  exercise  tended 
to  overcome  the  increased  vagal  influence  ob- 
served when  the  men  were  at  rest. 

Ventricular  ectopy  occurred  throughout  the 
three  Skylab  missions.  In  general  this  was  spo- 
radic, did  not  alter  hemodynamic  function  in  a 
detectable  manner,  and  electrocardiographic  signs 
of  myocardial  ischemia  were  not  associated.  On 
three  occasions  the  crewman  involved  was  under 
extraordinary  stress:  the  first  in-flight  M171  ex- 
ercise test  of  Skylab  2,  during  a long  extravehic- 
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ular  activity  in  Skylab  3,  and  during  the  last 
in-flight  M171  test  in  Skylab  4.  In  the  case  of 
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Skylab  2 Pilot  on  the  21st  postflight  day,  the 
relationship  of  the  arrhythmia  to  the  flight  is 
conjectural.  He  had  been  in  another  city  on  the 
evening  prior  to  the  test  and  had  returned  to 
Houston  early  on  the  day  of  the  test.  No  arrhyth- 
mias were  observed  during  the  72  hours  following 
the  test  and  the  exercise  protocol  has  been  re- 
peated on  multiple  occasions  and  the  arrhythmia 
has  not  recurred  during  the  testing. 

With  the  exception  of  the  arrhythmias,  no  ad- 
verse electrocardiographic  changes  were  observed 
in  the  Skylab  crews  that  could  be  attributed  to 
long  exposure  to  a weightless  environment  or  to 
the  other  stresses  of  extended  space  flight.  Spe- 
cifically, there  was  no  evidence  of  myocardial 
ischemia  or  changes  in  the  electrocardiogram  that 
would  suggest  vasoregulatory  abnormalities  or 
the  emergence  of  patterns  that  have  been  ob- 
served in  deconditioning  experiments  (ref.  4). 
The  vectorcardiographic  techniques  utilized  in  the 
M093  experiment  added  both  accuracy  and  preci- 
sion to  the  data  acquisition  and  facilitated  both 
scientific  investigation  and  monitoring  for  crew 
safety. 
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Evaluation  of  the  Electromechanical  Properties  of 
the  Cardiovascular  System  After  Prolonged 
Weightlessness 

Stuart  A.  Bergman,  Jr.,®  Robert  L.  Johnson,®  and  G.  Wycklipfe 
Hofpler  ® 


IT  HAS  BEEN  SHOWN  that  after  short  duration 
space  flights,  such  as  the  Apollo  flights,  crew- 
men exhibited  cardiovascular  instability  in  re- 
sponse to  orthostatic  and  exercise  stresses  (ch. 
29)  (ref.  1).  Although  responses  to  preflight  and 
postflight  stress  testing  as  well  as  several  other 
physiologic  variables  associated  with  the  decreased 
tolerance  were  documented,  in-flight  timing  of  the 
changes  was  impossible.  The  measurements  were 
simple,  e.g.,  electrocardiographic  and  blood  pres- 
sure. There  were  wide  unexplained  interindividual 
variations  between  crewmen  of  the  same  flight  and 
different  flights  in  their  responses  to  the  tests. 

The  Skylab  program  offered  an  opportunity  to 
study  man  during  long  duration  space  flight.  The 
medical  test  protocols  were  an  established  part 
of  this  program  in  the  preflight,  in-flight,  and 
postflight  periods.  Because  payload  and  flight 
qualified  hardware  were  and  are  a high-cost  por- 
tion of  the  NASA  programs,  there  had  to  be  a 
limit  to  the  number  of  devices  allowed  for  in-flight 
biomedical  experiments.  Devices  and  techniques 
which  enhanced  or  embellished  the  core  experi- 
ments in-flight  were  encouraged  instead  to  be  a 
part  of  the  preflight  and  postflight  evaluations. 
Therefore,  most  of  these  items  were  designed  for 
testing  in  the  Skylab  Mobile  Laboratories  and 
became  an  item  on  the  preflight  and  postflight 
schedules. 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


Devices  and  techniques  for  measuring  and  an- 
alyzing systolic  time  intervals  (STI)  and  quan- 
titative phonocardiograms  were  initiated  during 
Apollo  17,  the  last  lunar  mission.  This  first  gen- 
eration hardware  was  utilized  as  well  for  the  Sky- 
lab 2 mission  as  part  of  the  lower  body  negative 
pressure  experiment  (LBNP).  The  data  show 
that  the  systolic  time  interval  from  Apollo  17 
cre\vmen  remained  elevated  longer  postflight  than 
the  response  criteria  of  heart  rate,  blood  pres- 
sure, and  percent  change  in  leg  volume  all  of 
which  had  returned  to  preflight  levels  by  the  sec- 
ond day  postflight.  Although  the  systolic  time 
interval  values  were  only  slightly  outside  the 
preflight  fiducial  (P<0.05)  limits,  this  finding 
suggested  that:  the  analysis  of  systolic  time  in- 
tervals may  help  to  identify  the  mechanisms  of 
postflight  orthostatic  intolerance  by  virtue  of 
measuring  ventricular  function  more  directly  and, 
the  noninvasive  technique  may  prove  useful  in 
determining  the  extent  and  duration  of  cardio- 
vascular instability  after  long  duration  space 
flight. 

The  systolic  time  intervals  obtained  on  the 
Apollo  17  crewmen  during  lower  body  negative 
pressure  were  similar  to  those  noted  in  patients 
with  significant  heart  disease.*  Although  similar 
changes  in  systolic  time  intervals  occur  with  a 
decreased  ventricular  filling  secondary  to  a de- 
creased venous  return  in  normal  young  subjects 

^Unpublished  results.) 
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(ref.  2)  and  although  a decreased  blood  volume 
was  noted  in  the  Apollo  crewmen,  a progressive 
myocardial  deterioration  during  long  exposure  to 
zero-g  could  not  be  ruled  out.  Based  on  Apollo 
and  Gemini  experience,  a firm  stance  was  taken 
by  the  medical  scientists  that  daily  exercise  ses- 
sions would  be  provided  for  Skylab  astronauts  dur- 
ing flight,  the  thought  being  that  exercise  was  a 
good  countermeasure  for  the  cardiovascular  sys- 
tem changes. 

Postflight  evaluations  of  systolic  time  intervals 
were  accomplished  after  all  Skylab  missions.  Dur- 
ing Skylab  4 additional  noninvasive  techniques 
were  allowed  and  after  this  mission  echocardiog- 
raphy, semibloodless  (radioisotopically  deter- 
mined) circulation  times  and  resting  cardiac 
outputs,  and  peripheral  venous  pressure  measure- 
ments were  performed.  Results  from  these  tech- 
niques were  presented  in  chapters  26  and  35. 

Methods 

General. — Preflight  examinations  for  the  lower 
body  negative  pressure  experiment  (M092)  were 
conducted  over  a 4-  to  10-month  period  prior  to 
launch.  The  last  three  preflight  tests  were  sched- 
uled for  F— 30,  F— 15,  and  F— 5 days,  respectively. 
During  these  final  baseline  tests  full  data  collec- 
tions were  performed  including  the  systolic  time 
intervals  and  absolute  amplitude  of  first  heart 
sound  (Si  Amp)  measurements. 

Postflight  lower  body  negative  pressure  tests 
were  performed  within  a few  hours  of  splashdown 
(recovery  day  tests) . Both  lower  body  negative 
pressure  and  the  vectorcardiograph  (VCG)  exer- 
cise tests  were  done  on  the  day  after  and  on  11 
days  after  recovery.  Lower  body  negative  pressure 
tests  were  done  on  several  subsequent  days  after 
each  Skylab  flight  and  up  to  2 months  postflight 
on  Skylab  4. 

The  lower  body  negative  pressure  protocol 
(M092)  and  the  exercise  vectorcardiograph  pro- 
tocol (M093)  are  detailed  in  chapters  29  and  33. 
The  data  presented  in  this  paper  will  include  only 
the  control  and  end  of  maximal  stress  periods. 

Systolic  time  intervals  were  calculated  from  the 
vectorcardiograph  X-lead,  phonocardiogram,  ca- 
rotid pulse  trace,  and  pneumogram  during  all  three 
missions  (fig.  34—1).  However,  data  acquisition 
problems  in  the  preflight  period  of  Skylab  2 made 
the  systolic  time  intervals  data  difficult  to  inter- 


pret, and  therefore  these  data  are  not  presented. 
Also,  for  similar  reasons  quantitative  phonocar- 
diographic  data  from  Skylab  2 and  Skylab  3 are 
not  available  for  this  document.  Amplitude  of  the 
first  heart  sound  data  during  exercise  and  during 
lower  body  negative  pressure  stresses  (preflight 
and  postflight)  are  presented  for  Skylab  4 only. 
Information  for  systolic  time  intervals  is  pre- 
sented from  Skylab  3 and  Skylab  4 data  for  lower 
body  negative  pressure  tests. 

Equipment 

The  following  list  of  transducers,  signals,  and 
other  equipment  is  provided  for  a clearer  under- 
standing of  the  data. 

Phonocardiographic  System. — The  system  used 
for  phonocardiograms  included  a 20  gram  Elema 
EMT-25C  piezo-electric  crystal  accelerometer 
transducer  which  is  coupled  with  a high  pass  filter 
network  of  25,  50,  100,  200,  and  400  Hz  central 
frequencies  (-12  dB  roll  off).  The  raw  output 
from  the  transducer  which  has  a high  pass  char- 
acteristic was  recorded  onto  analog  tape  and  sub- 


V “ 
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Figure  34—1. — Signals  used  to  measure  systolic  time  inter- 
vals. Note  that  pre-ejection  period  (PEP)  is  calculated 
from  the  total  electromechanical  systole  (O-S2)  and  ejec- 
tion time  (ET)  measurements. 
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sequently  played  back  through  a NASA-designed 
filter  system  for  analysis.  The  analyzed  signals 
were  reproduced  upon  light  sensitive  paper  at  100 
mm/s  using  a Brush  (Mark  2300)  light  beam  re- 
corder. 

V ectorcardiogram. — The  X-lead  of  a vectorcar- 
diograph system  was  used  for  timing  of  electrical 
events  of  the  heart  and  the  characteristics  of  this 
system  are  described  in  appendix  A,  section  I.d. 
Tattoos  on  the  crewmen  insured  reproducible 
placement  of  the  electrodes. 

Pneumogram, — A mercury-in-silastic  strain 
gage  was  used  to  measure  quantitative  rate  and 
qualitative  depth  of  respiration.  Used  mainly  to 
determine  the  phase  of  respiration  the  output  was 
used  in  determining  other  measurements  such  as 
systolic  time  intervals. 

Carotid  Pulse,^ — A Sanborn/Hewlett-Packard 
APT-16  displacement  transducer  was  used  to 
measure  carotid  pulsations.  This  transducer  had  a 
flat  frequency  response  from  d.c.  to  approximately 
100  Hz  and  has  been  shown  to  reproduce  arterial 
pulses  faithfully  at  high  and  low  heart  rates  (ref. 
3). 

Apexcardiogram, — Apexcardiograms  were  col- 
lected on  the  Skylab  4 crewmen  only.  The  same 
displacement  transducer  used  for  the  carotid  pulsa- 
tions was  used  for  the  apexcardiogram. 

Other  Equipment, — Descriptions  of  the  Skylab 
blood  pressure  measuring  system,  Lower  Body 
Negative  Pressure  Device,  leg  volume  measuring 
system,  the  cycle  ergometer,  vectorcardiograph, 
experiment  support  system,  analog  tape  recorders, 
and  the  various  other  Skylab  equipment  are  in- 
cluded in  appendix  A. 

Techniques 

Systolic  Time  Intervals, — Systolic  time  intervals 
were  measured  in  the  following  manner:  signals 
from  the  vectorcardiograph  (X-lead),  carotid 
pulse,  phonocardiogram,  and  pneumogram  were 
recorded  during  the  tests  on  analog  tape.  Replay 
and  analysis  of  all  signals  were  accomplished  via 
a small  computer  with  software  developed  jointly 
between  the  Cardiovascular  Laboratory  at  the 
Johnson  Space  Center  and  the  Massachusetts  In- 
stitute of  Technology.  Corrections  for  heart  rate 

2 Patent  pending  for  the  Carotid  Pulse  Harness  devel- 
oped in  the  NASA-JSC  Cardiovascular  Laboratory. 


were  employed  after  Weissler  and  Garrard  (ref. 
4).  Basically,  the  program  user  scanned  the  four 
data  channels  which  had  been  digitized  at  200  to 
1000  samples  per  second  (ref.  3),  and  chose  sam- 
ples which  met  predetermined  criteria  (ref.  5). 
By  use  of  movable  cursors  the  systolic  time  inter- 
vals were  determined  semiautomatically.  Compu- 
tations were  performed  according  to  the  program 
and  the  entire  summary  was  stored. 

First  Heart  Sound  Amplitude, — Absolute  ampli- 
tude of  the  first  heart  sound  was  measured  man- 
ually from  the  phonocardiographic  signals. 
Because  there  is  no  standard  reference  such  as 
voltage  for  phonocardiograms  (as  there  is  for 
electrocardiogram  and  vectorcardiogram)  the 
stress  Si  Amp  was  always  compared  with  the 
control  resting  amplitude  of  the  first  heart  sound 
of  each  individual  for  each  test.  Each  individual 
served  as  his  own  control,  both  preflight  and  post- 
flight. The  microphone  was  placed  just  to  the  left 
of  the  sternum  on  the  fourth  intercostal  space  on 
all  crewmen,  during  all  tests.  Amplitude  of  the 
first  heart  sound  was  expressed  as  a percent  change 
from  control  state.  In  general,  20  consecutive  beats 
were  chosen  in  the  control  period  of  the  exercise 
stress  or  Lower  Body  Negative  Pressure  test  pro- 
tocols, and  the  amplitudes  of  the  first  heart  sound 
(Si)  were  measured  in  millimeters.  At  maximal 
steady  state  stress,  10  consecutive  beats  were  meas- 
ured and  compared  with  the  control  mean  Si  Amp. 
Comparison  of  the  Si  Amp  at  maximal  stress  was 
expressed  as  percentage  change  in  amplitude  from 
control. 

Clinical  Evaluations, — In  addition  to  systolic 
time  intervals  and  Si  Amp  measurements  clinical 
cardiovascular  examinations,  which  included  pho- 
nocardiography, apexcardiography,  and  carotid 
pulse  analyses,  were  performed.  The  results  of 
these  clinical  evaluations  are  given  in  order  to  add 
more  information  about  the  postflight  cardiovas- 
cular condition  of  the  Skylab  astronauts. 

Results 

Reports  on  in-flight  cardiovascular  tests  for  the 
Skylab  crewmen  are  delineated  in  chapters  29,  30, 
33,  and  36.  The  following  results  reflect  only  in- 
formation from  preflight  and  postflight  studies 
which  were  conducted  during  the  Lower  Body 
Negative  Pressure  (M092),  and  exercise- 
vectorcardiograph  (M093)  experiments  (see  ch.  29 
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and  33).  Because  the  most  extensive  measure- 
ments were  made  on  the  Skylab  4 crewmen,  these 
data  dominate  the  results  and  discussion.  However, 
comparisons  are  made  with  the  other  Skylab  mis- 
sions and  with  Apollo. 

Lower  Body  Negative  Pressure. — Figures  34—2 
through  34-4  show  the  postflight  systolic  time  in- 
tervals responses  of  the  Skylab  4 (84  days)  crew- 
men to  lower  body  negative  pressure  over  time. 
Note  that  heart  rates  were  elevated  postflight. 

In  general,  the  results  of  the  postflight  tests 
show  that  there  was  no  change  in  total  electro- 


T est  day 

Figure  34—2. — Resting  and  lower  body  negative  pressure 
stressed  mean  ejection  time  index  (ETI)  for  all  Skylab 
4 crewmen. 


Test  day 

Figure  34-3. — Resting  and  lower  body  negative  pressure 
mean  pre-ejection  period  (PEP)  for  all  Skylab  4 crew- 
men. 


mechanical  systole  (Q-S2).  Ejection  time  index 
was  decreased  at  rest  and  during  lower  body  nega- 
tive pressure,  and  pre-ejection  period  and  the 
ratio  of  pre-ejection  period  to  uncorrected  ejec- 
tion time  (PEP/ET)  were  both  increased  sig- 
nificantly. Table  34-1  shows  the  percent  change  in 
systolic  time  intervals  postflight  for  Skylab  4 and 
Skylab  3 crewmen.  It  is  clear  from  this  table  that 
Skylab  3 crewmen  had  greater  increases  in  pre- 
ejection period  and  pre-ejection/ejection  time  than 
did  the  Skylab  4 crewmen.  This  finding  was  pres- 
ent at  rest,  at  50  mm  Hg  lower  body  negative 
pressure,  and  for  a longer  duration  postflight  at 
rest  and  during  maximal  stress. 

All  systolic  time  interval  changes  were  back 
within  preflight  values  by  2 to  4 weeks  in  all  crew- 
men. Most  resting  systolic  time  intervals  had  re- 
turned within  a week  to  11  days.  Most  systolic 
time  intervals  at  50  mm  Hg  negative  pressure  had 
returned  by  9 to  16  days  on  Skylab  4 crewmen. 
However,  all  three  of  the  Skylab  3 crewmen  had 
abnormal  pre-ejection  period/ejection  time  until 
the  tests  31  days  after  recovery  because  of  both 
abnormal  ejection  time  interval  and  borderline 
high  pre-ejection  period  during  stress. 

Mean  of  the  diastolic  pressures  (one  determi- 
nant of  systolic  time  intervals)  for  the  Skylab  3 
and  Skylab  4 crewmen  are  shown  in  figure  34—5. 
Diastolic  pressure  tended  to  be  elevated  during  the 
first  or  second  day  after  splashdown  and  then  re- 


Test  day 

Figure  34-4. — Resting  and  lower  body  negative  pressure 
stressed  pre-ejection  period/ejection  time  (PEP/ET) 
— mean  values  for  Skylab  4 crewmen. 
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Table  34-1. — Percent  Change  in  Systolic  Time  Intervals  during  Lower 
Body  Negative  Pressure — Skylab  3 and  Skylab  U Crewmen 


Recovery  day,  percent  change  from  preflight 


Skylab 

mission 

Test 

(Q-SO 

Index 

Ejection 

time 

index, 

percent 

Pre-ejection 

period, 

percent 

Pre-ejection 

period 

ejection 

time, 

percent 

3 

Rest 

No  change 

1 7 

1 18 

f28 

LBNP 

No  change 

jio 

jl4 

j33 

4 

Rest 

No  change 

i 7 

jl5 

j20 

LBNP 

No  change 

1 7 

jio 

f28 

turned  to  preflight  values;  the  Commander  on 
Skylab  4 maintained  an  elevated  diastolic  pres- 
sure until  11  days  after  recovery.  Also,  the  Pilot 
on  Skylab  3 had  an  elevated  diastolic  pressure  un- 
til 4 days  after  recovery.  No  crewman  exhibited 
Frank  pathologic  blood  pressures  during  supine 
rest  (control)  phase  of  the  Lower  Body  Negative 
Pressure  tests.  Stress  heart  rates  had  returned  to 
preflight  levels  by  the  fourth  day  after  recovery. 

Percent  change  in  leg  volume  (fig.  34-6)  dur- 
ing lower  body  negative  pressure  was  within  pre- 
flight values  on  recovery  day.  With  the  exception 
of  the  Commander’s  test  on  the  fourth  day  post- 
flight, the  Skylab  3 crewmen’s  response  remained 
within  baseline  limits.  The  percent  change  in  leg 
volume  for  the  two  Skylab  4 crewmen  (Scientist 
Pilot  and  Pilot)  appeared  to  be  elevated  on  days  1 
to  4 after  recovery,  while  the  Commander’s  re- 


sponse was  within  preflight  levels  during  this  pe- 
riod. In  spite  of  these  findings  the  Skylab  4 
crewmen  regained  their  preflight  systolic  time 
intervals  more  quickly  than  did  the  Skylab  3 crew- 
men ; these  findings  will  be  addressed  again  in  the 
discussion. 

The  Si  Amplitude  responses  of  all  Skylab  4 
crewmen  to  50  mm  Hg  negative  pressure  were 
depressed  postflight  as  shown  in  figure  34-7.  Fig- 
ure 34—8  shows  a typical  Si  Amp  response  by  the 
Skylab  4 Pilot  preflight  versus  the  day  after  re- 
covery. Notice  the  progressive  reduction  in  Si  Amp 
with  increase  in  negative  pressure  in  the  first  post- 
flight day  test  as  compared  to  a preflight  test. 
Heart  rates  are  also  shown  in  figure  34-8. 

During  his  recovery  day  lower  body  negative 
pressure  test  the  Pilot’s  Si  Amp  response  fell  to  30 
percent,  a value  which  during  Apollo  was  uni- 
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Figure  34—5. — Resting  diastolic  pressures,  mean  values  for 
Skylab  3 and  Skylab  4 crewmen. 
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Figure  34-6. — Mean  percent  change  iA  leg  volume  during 
preflight  and  postflight  lower  body  negative  pressure 
(LBNP)  tests  at  50  mm  Hg  negative  pressure. 
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formly  associated  with  syncope  (ref.  6).  The  Pilot 
exhibited  presyncope  during  this  recovery  day  test 


Commander 


Scientist  Pilot 


Pilot 


Test  day 


at  approximately  1 minute  into  the  maximal  stress 
level.  His  Si  Amp  response  to  lower  body  negative 
pressure  was  back  to  preflight  limits  only  by  31 
days  postflight  compared  to  11  days  postflight  for 
the  Commander  and  Scientist  Pilot  as  shown  in 
figure  34-7. 

Exercise  Results. — Preflight  systolic  time  in- 
terval responses  to  the  2-minute  bout  of  exercise  at 
150  watts  were  typical  of  those  reported  by  other 
workers  (refs.  5,  7).  Figures  34-9,  34-10,  34-11, 
and  34—12  reflect  the  Skylab  4 mean  systolic  time 
interval  responses  on  the  1st  and  11th  days  post- 
flight, compared  with  three  preflight  tests.  Supine 
resting  values  were  obtained  from  the  Lower  Body 
Negative  Pressure  test  data  which  were  collected 
approximately  1 hour  before  exercise.  Compared  to 
preflight  responses  the  first  day  postflight  test  can 
be  summarized  as  follows:  Total  electromechan- 
ical systole  (Q-S2)  corrected  for  heart  rate  (Q-S2)I 
increased  and  ejection  time  index  decreased  by  4 
percent  during  upright  rest  and  exercise  in  the  Sci- 
entist Pilot  and  Pilot  with  the  Commander  show- 
ing no  significant  change  in  (Q-S2)I  or  in  ejection 
time  index.  Mean  pre-ejection  period  increased  15 
percent  at  rest  and  increased  14  percent  during 
exercise.  The  pre-ejection  period/ejection  time  in- 
creased by  22  percent  at  rest  and  26  percent  during 
exercise  compared  with  the  preflight  values.  Table 
34-11  shows  individual  crewmen  results. 
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Figure  34—7. — Percent  change  in  first  heart  sound  ampli> 
tude  from  control  to  50  mm  Hg  lower  body  negative 
pressure  for  Skylab  4 crewmen. 


Figure  34—8. — Heart  rate  and  first  heart  sound  amplitude 
response  to  lower  body  negative  pressure  (LBNP)  by 
Pilot  of  Skylab  4 — preflight  vs.  day  1 postflight. 
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First  heart  sound  amplitude  responses  to  exer- 
cise of  the  individual  Skylab  4 crewmen  are  shown 
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Figure  34—9. — Response  of  all  Skylab  4 crewmen  to  exer- 
cise— total  electromechanical  systole.  Mean  (Q-Sa)!  at- 
rest  and  after  150  watts  exercise. 
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Figure  34—10. — Response  of  all  Skylab  4 crewmen  to  exer- 
cise— mean  ejection  lime  index  (ETI)  at  rest  and  after 
150  watts  exercise. 


in  figures  34-13a,  b,  c.  The  Commander  had  very 
little  if  any  change  in  the  Si  Amp  for  given  heart 
rate  at  150  watts  postflight.  The  Scientist  Pilot 
had  a depressed  Si  Amp  response  on  the  first  day 


Figure  34—11. — Response  of  all  Skylab  4 crewmen  to  exer- 
cise— mean  pre-ejection  period  (PEP)  at  rest  and  after 
150  watts  exercise. 


Figure  34—12. — Response  of  all  Skylab  4 crewmen  to  exer- 
cise— mean  pre-ejection  period/ejection  time  (PEP/ET) 
at  rest  and  after  150  watts  exercise. 


358 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


Table  34-11. — Percent  Change  in  STI — Rest  and  Exercise — Postflight 
Compared  with  Preflight  in  Skylab  U 


Crewman 

State 

Percent 

(Q-SOI 

ETI 

PEP 

PEP 

ET 

Commander 

Rest 

t (NC) 

4(NC) 

t 6 

t 19 

Exercise 

t (NC) 

4(NC) 

t 5 

j 18 

Scientist  Pilot 

Rest 

\ 4 

4 4 

f 22 

1 24 

Exercise 

1 4 

4 4 

t 16 

j 31 

Pilot 

Rest 

j 4 

4 4 

j 18 

j 22 

Exercise 

j 4 

4 4 

j 22 

j 30 

NC,  No  si£:nificant  change. 


postflight,  but  an  apparently  normal  one  on  the 
11th  day  postflight.  The  Pilot’s  Si  Amp  response 
was  low  compared  with  the  other  crewmen  on  two 
of  the  three  preflight  tests.  His  response  appeared 
to  be  depressed  further  postflight  with  no  differ- 
ences between  the  1st  and  11th  day  postflight 
tests.  There  was  no  evidence  for  a training  effect 
in  any  crewman  postflight. 

Clinical  FindingSy  Phonocardiography , and 
Apexcardiography. — The  crewmen  of  Skylab  3 and 
Skylab  4 were  given  thorough  cardiovascular  ex- 
aminations which  included  phonocardiograms. 
Apexcardiograms  were  done  on  Skylab  4 crewmen 
only.  Although  fourth  heart  sounds  (S4)  were 


Figure  34— 13a. — First  heart  sound  amplitude  response  to 
exercise — Skylab  4 Crewmen. 


present  on  some  crewmen  preflight  these  sounds 
are  not  abnormal  (ref.  8).  All  heart  sounds  were 
diminished  postflight.  Several  crewmen  had  promi- 
nent S4  with  exercise  (ref.  9).  However,  even 
heart  sounds  and  arterial  pulsations  obtained  dur- 
ing exercise  were  attenuated  in  the  immediate 
postflight  period.  By  day  11  postflight  these  find- 
ings disappeared.  Apexcardiography  was  normal 
preflight.  Postflight  the  point  of  maximal  impulse 
was  not  palpable  and  no  apexcardiograms  could 
be  obtained.  This  was  true  as  late  as  the  11th  day 
postflight  on  Skylab  4 crewmen.  This  finding  is 
consistent  with  the  other  data  and  probably  re- 
flects diminished  ventricular  action. 

One  finding  which  was  of  concern  at  first,  but 


Figure  34-1 3b. — First  heart  sound  amplitude  response  to 
exercise — Skylab  4 Crewmen. 
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which  is  now  accepted  as  not  being  of  clinical  im- 
portance was  trace-to-one-plus  pretibial  edema  in 
all  crewmen.  This  finding  appeared  to  begin  on 
day  1 or  day  2 postflight.  The  edema  was  usually 
“trace”  after  1 or  2 hours  of  ambulation.  In  Skylab 

3 the  edema  lasted  to  day  16  postflight.  On  Skylab 

4 it  was  absent  on  day  18  postflight.  Although  the 
systolic  time  intervals  data  were  abnormal  and  it 
is  known  that  usually  edema  is  a common  sign  of 
a compromised  left  ventricle,  the  causes  for  this 
postflight  edema  were  more  complex  than  those  of 
pure  cardiac  dysfunction. 

The  facies  caused  by  cephalad  fluid  shifts,  seen 
on  television  and  in  photographs  which  are  so 
obvious  during  flight,  are  peculiarly  absent  within 
an  hour  after  splashdown.  It  is  interesting  that  the 
in-flight  facies,  described  in  chapter  32  appear 
quite  similar  to  subjects  who  are  studied  in  the 
head  down  tilt  position  (ch.  29). 

Immediately  postflight,  the  Skylab  crewmen  ap- 
peared to  be  relatively  dehydrated  and  the  skin  on 
the  face  was  wrinkled  rather  than  being  puffy  and 
fluid  filled.  Clinically,  it  appears  that  the  fluid  is 
redistributed  rapidly  postflight,  but  the  pattern  of 
distribution  is  such  that  plasma  volume  (and  blood 
volume)  is  not  replaced  immediately.  This  de- 
creased blood  volume  is  probably  a major  cause  for 
abnormal  systolic  time  intervals  during  the  re- 
covery day  testing  at  rest  and  during  lower  body 


Figure  34— I 3c. — First  heart  sound  amplitude  response  to 
exercise — Skylab  4 Crewmen. 


negative  pressure  stress.  The  Skylab  4 crewmen 
did  not  appear  to  be  as  dehydrated  upon  recovery 
as  were  the  Skylab  3 crewmen. 

Discussion 

Systolic  time  intervals  and  Si  Amp  data  are 
difficult  to  interpret  in  man.  Interpretation  is  even 
more  difficult  when  some  of  the  hemodynamic  vari- 
ables are  possibly  unknown.  However,  a better  in- 
terpretation of  these  data  is  possible  if  one  knows 
the  hemodynamic  events  which  occur  in  response 
to  a known  stress  (refs.  10,  11).  The  intervals  of 
systole  have  been  described  and  interpreted  for 
certain  stresses  such  as  lower  body  negative  pres- 
sure (refs.  2,  12,  13) ; and  exercise  (refs.  5,  7). 
The  availability  of  additional  information  such  as 
blood  volume,  diastolic  or  mean  blood  pressure, 
and  posture  are  needed  when  one  attempts  to  in- 
terpret systolic  time  interval  information  (ref.  5) . 
The  externally  measured  intervals  have  been 
shown  to  correlate  quite  well  with  those  measured 
directly  (ref.  14). 

Actually  there  are  two  problems  to  the  analysis 
of  systolic  time  intervals  and  Si  Amp  data.  One 
problem  involves  accuracy  of  measuring  the  vari- 
ous parameters.  Another,  more  difficult  problem, 
is  interpretation  of  the  obtained  results.  The  data 
presented  in  this  paper  are  subject  to  both  of  these 
problems.  However,  every  attempt  has  been  made 
to  choose  the  proper  transducers  and  recording 
equipment  and  to  measure  as  accurately  as  possi- 
ble the  intervals  and  amplitudes. 

The  systolic  time  interval  data  obtained  from 
the  Skylab  astronauts  during  the  preflight  period 
reflect  good  reproducibility  of  these  measurements. 
During  this  controlled  period  the  intervals  do  not 
vary  a great  deal  as  can  be  seen  in  figures  34-1 
through  34-7  which  present  the  results  of  the 
three  preflight  tests.  Conversely,  one  recognizes 
that  the  postflight,  as  well  as  in-flight,  period  is 
not  nearly  as  controlled  (ref.  15).  However,  the 
reproducibility  of  postflight  responses  from  sev- 
eral missions  allows  some  confidence  that  these 
data  do  represent  the  responses  of  individuals 
after  space  flight. 

The  preflight  (control)  rest  and  lower  body 
negative  pressure  data  obtained  from  the  Skylab 
astronauts  are  quite  similar  to  the  systolic  time 
interval  data  obtained  from  younger  men  (ref.  2) . 
The  postflight  systolic  time  interval  data  at  rest 


360 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


and  during  lower  body  negative  pressure  (espe- 
cially on  recovery  day  and  days  1 and  2 postre- 
covery) reflect  changes  one  would  expect  from  a 
decrease  in  total  blood  volume,  but  also  from  myo- 
cardial dysfunction  (ref.  10, 16, 17, 18) . In  the  face 
of  a constant  total  electromechanical  systole  (cor- 
rected for  heart  rate)  with  a decreased  ejection 
time  index  and  an  increased  pre-ejection  period  one 
is  presented  with  three  possibilities,  or  combina- 
tions, to  explain  the  results : 

A decrease  in  preload ; 

A decrease  in  contractility;  and/or 

An  increase  in  afterload  (ref.  19). 

A decrease  in  preload  was  suggested  by  meas- 
urements of  significant  decreases  in  blood  volume 
on  all  Skylab  crewmen  (see  ch.  26).  There  were 
deficits  in  both  red  blood  cell  mass  and  plasma  vol- 
ume. The  blood  volume  is  reportedly  back  to  pre- 
flight levels  by  one  week  with  some  fluctuations  in 
plasma  volume  although  the  red  blood  cell  mass 
remains  depressed  for  a longer  duration  (ref.  20). 
The  decrease  in  preload  associated  with  lower 
body  negative  pressure  stress  or  with  upright  pos- 
ture is  well  established  (refs.  11,  13,  21). 

If  decrease  in  absolute  blood  volume  were  the 
only  factor  influencing  the  systolic  time  interval 
findings  after  space  flight  one  would  expect  the 
systolic  time  intervals  to  return  to  preflight  values 
along  with  the  blood  volume  repletion  (ref.  21), 
However,  this  is  not  the  case.  The  systolic  time 
inteiwals  remain  abnormal  for  a longer  period. 
Skylab  3 crewmen  took  longer  to  return  to  base- 
line systolic  time  intervals  than  did  the  Skylab  4 
crew  although  the  decreased  blood  volume  and  the 
duration  of  this  decrement  were  similar.  The  dif- 
ferences between  the  crews  may  be  related  to  ac- 
tivities of  the  crewmen  in-flight,  e.g.,  the  amount  of 
exercise  performed;  or  they  may  be  related  to 
postflight  activities  as  well. 

The  systolic  time  intervals  during  lower  body 
negative  pressure  stress  remains  abnormal  longer 
than  the  systolic  time  intervals  at  rest.  This 
finding  is  not  surprising  since  one  goal  of  stress 
testing  is  to  elicit  latent  cardiac  malfunction  when 
none  is  apparent  at  rest.  Additionally,  because  the 
stressed  systolic  time  intervals  remained  depressed 
after  blood  volume  repletion,  it  could  be  argued 
that  perhaps  more  blood  is  pooled  at  50  mm  Hg 
negative  pressure  postflight  than  is  pooled  pre- 


flight. Therefore  a decreased  preload  by  virtue  of 
increased  pooling  could  account  for  the  results  of 
postflight  lower  body  negative  pressure  induced 
changes  in  systolic  time  intervals.  The  percent 
change  in  leg  volume  does  not  support  this  hypoth- 
esis. The  Skylab  3 crewmen  exhibited  abnormal 
systolic  time  intervals  for  1 month  after  return 
although  there  was  little  deviation  in  percent 
change  in  leg  volume  during  lower  body  negative 
pressure  between  preflight  and  postflight  periods. 
No  consistent  pattern  of  percent  change  in  leg 
volume  and  systolic  time  interval  response  was 
noted  for  the  Skylab  4 crewmen  either  (fig.  34-6) . 

Afterload,  a potent  determinant  of  the  intervals 
of  systole,  if  consistently  elevated  could  cause  the 
systolic  time  interval  changes  noted  in  the  astro- 
nauts’ postflight  tests  (ref.  19),  The  Commander 
of  Skylab  4 had  significant  elevation  in  diastolic 
pressure  through  day  11  postflight.  The  Pilot 
demonstrated  a similar  picture  after  Skylab  3. 
However,  these  crewmen  did  not  differ  in  their 
systolic  time  interval  responses  to  lower  body  neg- 
ative pressure,  or  at  rest,  from  the  other  crewmen 
of  their  respective  missions.  The  systolic  time  in- 
terval response  appears  to  be  only  partially  ac- 
counted for  by  changes  in  afterload  with  the 
exception  of  recovery  day  testing.  A summary  of 
the  diastolic  pressure  is  given  in  figure  34-5. 

Contractility,  the  other  independent  determi- 
nant of  systolic  time  intervals  (in  particular  pre- 
ejection period)  (refs.  19,  22,  23)  could  be 
considered  as  a cause  for  the  changes  in  systolic 
time  intervals  observed  postflight.  Patients  with 
primary  myocardial  disease,  as  well  as  patients 
with  other  forms  of  chronic  heart  disease  whose 
ventricles  are  abnormal,  exhibit  changes  in  sys- 
tolic time  intervals  which  are  identical  to  those 
noted  in  Skylab  crewmen  postflight  (refs.  4,  10, 
24).  However,  these  patients’  hearts  are  usually 
enlarged,  i.e.,  increased  preload  is  a sign  of  the 
problem.  Ejection  fraction  is  quite  low  in  these  pa- 
tients (refs.  17,  25).  The  total  electromechanical 
systole  (corrected  for  heart  rate)  of  these  patients 
are  either  normal  or  slightly  prolonged.  Although 
preload  is  more  than  adequate,  a condition  which 
would  be  reflected  by  an  abbreviated  pre-ejection 
period,  contractility  is  decreased  and  pre-ejection 
period  is  markedly  prolonged.  The  stroke  volume 
is  decreased  as  is  the  ejection  fraction,  the  ejection 
time  index  is  shortened.  Consequently,  pre-ejection 
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period/ejection  time  is  elevated  in  these  patients. 
In  compromised  hearts,  administration  of  a posi- 
tive inotropic  drug  such  as  digitalis  shortens  the 
total  electromechanical  systole  (corrected  for 
heart  rate)  mainly  by  virtue  of  a decreased  pre- 
ejection period.  Ejection  time  index  is  either  un- 
changed or  prolonged.  These  systolic  time  intervals 
reflect  the  increase  in  contractility,  stroke  volume, 
and  ejection  fraction.  No  exact  causal  relationship 
can  be  applied  to  ventricular  function,  given  a set 
of  systolic  time  interval  alone,  because  of  the  com- 
plex variables.  However,  ancillary  information 
makes  their  interpretation  a valuable  method  for 
the  evaluation  of  cardiac  function. 

The  above  example  of  how  systolic  time  inter- 
vals reflect  cardiac  function,  although  not  directly 
applicable  to  the  Skylab  results  does  point  out  the 
kind  of  reasoning  one  must  go  through  in  order 
to  interpret  a set  of  systolic  time  intervals.  How- 
ever, the  astronauts  could  have  had  a slight  de- 
crease in  contractility  in  addition  to  the  decrease 
in  preload.  The  systolic  time  interval  responses  to 
the  exercise-vectorcardiograph  test  postflight  re- 
flect possible  decreases  in  stroke  volume  which 
may  be  due  to  decreased  left  ventricular  function 
(refs.  18,  25,  26).  Significant  increases  in  total 
electromechanical  systole  (corrected  for  heart 
rate)  and  pre-ejection  period  with  decreases  in 
ejection  time  index  are  consistent  with  myocardial 
decrements  in  the  Skylab  4 crewmen  in  response 
to  a 150-watt  exercise  challenge  on  day  1 post- 
flight. Also,  the  systolic  time  intervals  and  first 
heart  sound  amplitude  data  obtained  during  post- 
flight lower  body  negative  pressure  tests  are  sug- 
gestive of  myocardial  dysfunction,  e.g.,  the 
recovery  day  test  on  the  Pilot.  This  data  is  also 
suggestive  of  a bedrest  response,  where  significant 
losses  of  blood  volume  exist  and  a myocardial  fac- 
tor could  not  be  ruled  out  as  a cause  for  cardiovas- 
cular decrements  (refs.  27,  28,  29,  30).  We  are 
confronted  with  the  fact  of  a true  decrement  in 
performance  without  a clear  indication  that  the 
decrement  is  due  to  a decrease  in  preload  or  to  a 
mixture  of  decreased  preload  and  decreased  heart 
muscle  function.  Neurohumoral  factors  are  also 
possible. 

In  reviewing  t6e  data  from  Skylab  4 astronauts 
certain  correlations  are  apparent  between  the 
systolic  time  interval  and  first  heart  sound  ampli- 
tude data.  For  example,  the  first  heart  sound 


amplitude  responses  of  the  Pilot  to  lower  body 
negative  pressure  and  to  exercise  are  quite  similar. 
Of  the  Skylab  4 crewmen  the  Pilot  exhibited  the 
lowest  increment  in  first  heart  sound  amplitude  per 
increment  in  heart  rate  during  the  exercise  tests 
on  days  1 and  11  postflight.  His  first  heart  sound 
amplitude  responses  to  lower  body  negative  pres- 
sure was  lowest  and  its  return  to  preflight  took 
longer  than  did  the  other  two  crewmen’s  re- 
sponses. Resting  value  of  ejection  time  index,  an 
index  of  stroke  volume,  took  longest  to  return  of 
the  Skylab  4 crewmen  (day  11  postflight).  Lower 
body  negative  pressure  stressed  pre-ejection  pe- 
riod/ejection time  was  above  preflight  limits  until 
day  18  postflight.  During  postflight  exercise  on 
day  1 postflight,  pre-ejection  period  was  17  per- 
cent and  6 percent  higher  than  for  the  Commander 
and  Scientists  Pilot,  respectively.  Lengthening  of 
total  electromechanical  systole  (corrected  for 
heart  rate)  and  pre-ejection  period/ejection  time 
during  this  exercise  stress  was  equal  to  that  of  the 
Scientist  Pilot,  but  greater  than  these  values  in 
the  Commander  (4  percent  and  12  percent) . Also, 
on  recovery  day,  when  he  exhibited  a presyncopal 
episode  during  lower  body  negative  pressure,  the 
Pilot’s  first  heart  sound  amplitude  fell  to  30  per- 
cent (ref.  16).  His  percent  change  in  ejection 
time  index  was  lowest  and  pre-ejection  period 
highest  of  the  crewmen  during  this  test. 

These  close  correlations  of  systolic  time  inter- 
val and  first  heart  sound  amplitude  responses  to 
postflight  stress  testing  add  assurance  that  these 
techniques,  each  proven  by  direct  methods  to  re- 
flect ventricular  function,  point  to  a decrease  in 
ventricular  function  as  being  one  cause  for  the 
observed  decrements  in  postflight  orthostatic  and 
exercise  tolerance,  whether  or  not  peripheral 
mechanisms  are  responsible  for  the  decreased  ven- 
tricular performance.  It  is  unfortunate  that  non- 
invasive  methods  are  not  available  which  can 
allow  one  to  give  an  exact  accounting  of  the  spe- 
cific roles  played  by  the  heart,  the  peripheral 
circulatory  system,  and  neurohumoral  system  in 
causing  these  decrements.  Such  techniques  would 
certainly  allow  us  to  develop  definite  dose-response 
curves  for  cardiovascular  countermeasures  during 
longer  duration  space  flight. 

The  postflight  noninvasive  measurements  in- 
cluding echocardiography  (see  ch.  35)  which  were 
accomplished  at  rest  and  during  stress  testing  on 
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Skylab  4,  present  as  near  complete  a picture  of 
cardiovascular  status  as  was  possible  to  obtain. 
Furthermore,  the  additional  accuracy  which  might 
have  been  provided  by  invasive  methods  may  well 
have  led  to  less  conclusive  results  on  several  ex- 
periments if  complications  of  these  invasive  pro- 
cedures had  occurred.  To  our  knowledge,  no 
measurements  made  on  any  of  the  Skylab  crewmen 
including  stress  testing  had  any  significant  affect 
on  the  natural  course  of  readaptation  to  one-g. 
Exact  measurements  and  mechanisms  must  await 
in-flight  studies  on  chronically  instrumented  ani- 
mals (ref.  31). 

Conclusions 

Although  much  of  the  decrement  in  cardiovas- 
cular functioning  seen  postflight  is  due  to  de- 
creased blood  volume,  there  is  evidence  in  the 
systolic  time  interval,  first  heart  sound  amplitude, 
and  clinical  data  to  suggest  that  there  was  at  least 
a functional  impediment  to  venous  return  and 
possibly  a myocardial  factor  as  well.  Whatever  the 
causes,  the  impairments  were  not  of  gross  patho- 
logic proportions.  If  ability  to  take  care  of  oneself 
is  considered,  the  astronauts  appeared  to  be  capa- 
ble of  this  task  postflight,  the  only  problems  being 
muscular  weakness,  incoordination,  and  fatigue. 

Systolic  time  intervals  and  phonocardiographic 
data,  at  rest  and  during  stress,  indicate  that  de- 
crements in  cardiovascular  function  are  not  re- 
lated necessarily  to  mission  duration.  However, 
this  statement  must  be  interpreted  with  the 
knowledge  that  each  crew  was  handled  slightly 
different.  For  example,  on  the  longest  mission 
much  more  time  was  alloted  to  various  exercises 
than  on  the  28  or  59  day  missions.  Drs.  Thornton 
and  Bergman  and  others  defined  exercises  aimed  at 
maintaining  strength  of  antigravity  muscles  (ch. 
21). 

Functional  impairment  of  the  cardiovascular 
system  as  a result  of  space  flight  appears  to  be 
self  limited.  Readaptation  to  one-g  appears  to  be 
complete  and  pi’obably  requires  1 to  2 months. 
Many  readaptations  including  systolic  time  inter- 
val and  first  heart  sound  amplitude  responses  to 
lower  body  negative  pressure  and  submaximal  ex- 
ercise require  less  time. 

The  use  of  noninvasive  techniques  to  study  the 
cardiovascular  responses  after  space  flight  is  use- 
ful in  determining  hemodynamic  changes  quantita- 


tively over  time.  Some  techniques  would  definitely 
be  worthwhile  during  zero-g  exposure  of  future 
missions  in  order  to  define  cardiovascular  status 
from  first  exposure  to  steady  state  adaptations. 
Sensitive  noninvasive  techniques  coupled  with 
ground  based  analogs  of  weightlessness  would 
serve  to  establish  dose-response  curves  for  the 
cardiovascular  system  so  that  exact  counter- 
measures could  be  used  operationally  during  the 
Space  Shuttle  era  and  beyond. 

Supplemental  Comments  Regarding  Cardiovas- 
cular Adaptations. — It  is  difficult  to  discuss  the 
preflight  and  postflight  finding  of  Skylab  without 
speculating  on  what  happens  to  the  body  upon 
exposure  to  zero-gravity  and  upon  the  ensuing 
adaptations  the  body  makes  to  this  environment. 
It  is  equally  difficult  to  discuss  the  postflight  find- 
ings without  commenting  on  the  condition  of  the 
body  during  long  duration  space  flight  just  prior 
to,  during,  and  upon  entry  into  the  Earth’s  gravi- 
tational field.  Comments  in  this  section  will  be 
limited  to  cardiovascular  responses. 

Upon  entry  into  the  zero-gravity  environment 
the  right  heart  is  pi'ovided  with  an  increased  ve- 
nous return  by  virtue  of  the  lack  of  a footward 
gravity  vector  and  the  relatively  abundant  capac- 
ity of  the  upper  body  vasculature.  The  abundance 
of  blood  available  to  the  heart  under  these  circum- 
stances must  lead  to  an  increase  in  cardiac  output 
as  the  healthy  heart  ejects  as  much  blood  as  it  is 
presented.  The  increased  right  ventricular  filling 
may  be  partially  compensated  for  by  an  increase  in 
pulmonary  blood  volume,  but  at  some  filling  pres- 
sure is  channeled  directly  to  the  left  ventricle, 
creating  an  increase  in  Starling  Effect  (increased 
preload).  If  no  exercise  is  performed,  the  oxygen 
needs  of  the  body  are  easily  satisfied  by  the  in- 
creased cardiac  output  compared  with  one-g  and 
heart  rate  decreases  as  the  adrenergic  stimuli  sub- 
side after  launch.  It  is  of  interest  that  a progres- 
sive decrease  in  heart  rate  was  noted  during 
Apollo  missions.  If  the  Gauer-Henry  reflex  is  acti- 
vated, it  probably  occurs  early.  Circadian  rhythms 
of  urination  habits  appear  to  be  unchanged  from 
those  on  Earth,  *e.g.,  nocturia  occurred  in-flight 
only  if  it  was  an  established  habit  in  one-g  also, 
the  first  morning  void  was  the  same  necessity  in 
space  as  it  is  on  Earth. 

During  exercise  as  on  the  Skylab  cycle  ergome- 
ter  the  first  few  trials  are  likely  to  be  awkward 
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secondary  to  lack  of  zero-g  experience.  There  is 
probably  a decreased  mechanical  efficiency  until 
the  crewman  learns  how  to  master  the  zero-g  in- 
duced difficulties  of  holding  on  and  pedaling.  Once 
these  mechanical  problems  are  mastered,  however, 
the  zero-g  environment  allows  one  to  accomplish 
higher  workloads  than  was  possible  during  one-g 
cycle  ergometry  because  the  venous  return  is 
increased  and  the  problems  of  supine  exercise  in 
one-g  are  absent.  Oxygen  consumption  is  increased 
also  because  the  arms  play  a more  active  role  dur- 
ing zero-g  exercise  on  the  ergometer  as  the  crew- 
man begins  to  work  against  his  arms. 

An  increase  in  Vog  Max  is  recognized  generally 
as  reflecting  a training  effect.  However,  in  zero-g 
an  increased  Vo.  Max  must  be  interpreted  with 
caution.  Use  of  the  arms  contributes  to  V02.  Also, 
the  increased  availability  of  blood  in  zero-g  will 
cause  the  appearance  of  a training  effect  by  caus- 
ing an  increased  cardiac  output  and  an  increased 
V02,  thus  allowing  greater  work  capacity. 

Fixed  submaximal  workloads  (from  one-g  test- 
ing) present  less  of  a challenge  in  zero-g  (once 
learning  has  occurred)  by  the  above  mechanisms, 
which  mimic  a training  eflFect,  so  that  such  param- 
eters as  heart  rate  and  blood  pressure  are  de- 
creased compared  with  one-g  testing.  The  recovery 
heart  rate  is  also  decreased  since  blood  from  the 
working  muscles  is  returned  more  quickly  in  zero-g 
and  does  not  stagnate  as  happens  in  one-g  in  the 
upright  position.  The  rapid  recovery  of  heart  rate 
after  exercise  is  a common  finding  after  a training 
effect,  and  one  could  reach  this  latter  conclusion  if 
not  aware  of  the  possible  behavior  of  body  fluids, 
and  especially  blood,  in  zero-g. 

Exercise  induced  increases  in  blood  pressure  ap- 
parently do  not  significantly  effect  any  symptoms 
of  increases  in  intercranial  pressure.  At  least  the 
crewmen  failed  to  recognize  any  differences  in 
head  fullness  during  isometric  as  opposed  to  dy- 
namic exercise  although  both  were  used  frequently 
during  each  in-flight  day.  It  is  known  that  by 
comparison  with  dynamic  exercise,  isometric  ex- 
ercise causes  a much  greater  increase  in  both  sys- 
tolic and  diastolic  pressure  with  only  small 
increments  in  heart  rate.  The  dynamic  exercise, 
rather  than  causing  an  increase  in  the  symptom  of 
head  fullness,  actually  caused  relief  of  this  symp- 
tom. Additionally,  the  secondary  effects  of  the 
cephalad  fluid  shifts,  i.e.,  nasal  and  sinus  conges- 


tion were  also  abated  by  strenuous  dynamic  exer- 
cise. The  mechanisms  for  relief  of  these  symptoms 
are  probably  related  to  redistribution  of  the  car- 
diac output  to  the  exercising  muscles  (arms  and 
legs)  and  to  an  outpouring  of  vasoactive  cate- 
cholamines which  constrict  mucosal  blood  vessels 
and  reduce  mucosal  tissue  swelling. 

In  contrast  to  exercise  responses,  the  lower  body 
negative  pressure  test  is  more  stressful  in  zero-g 
than  in  one-g  (ch.  29)  because: 

Blood  volume  is  decreased. 

The  crewman  is  forced  deeper  into  the  Lower 
Body  Negative  Pressure  Device  because  of 
lack  of  gravity. 

More  of  the  available  blood  is  pooled  in  the 
lower  body. 

Thus  the  stress  to  the  central  circulation  and 
cardiovascular  reflexes  is  greater  in  the  zero-g 
than  one-g  test.  Crewmen  quickly  discover  this 
phenomenon  and  learn  to  make  the  stress  more 
comparable  to  the  one-g  tests  (ch.  29).  Although 
of  no  clinical  importance  several  crewmen  noticed 
the  recoil  from  the  heart's  contractions.  This  sen- 
sation is  most  apparent  in  the  head  and  neck 
during  complete  relaxation.  Perhaps  ballistocardi- 
ography would  be  a useful  technique  with  which 
to  study  the  cardiovascular  system  in  zero-g. 

Postflight,  there  are  definite  decrements  in  the 
ability  of  the  cardiovascular  system  to  withstand 
orthostatic  and  metabolic  stresses.  These  decre- 
ments can  be  measured  (refs.  1,  6,  27) . There  is  an 
immediate  deci'ement  in  exercise  performance  to 
a given  workload  (ref.  1)  (ch.  36).  It  is  unfortu- 
nate that  maximal  aerobic  capacity  was  not  evalu- 
ated; the  M171  experiment  utilized  moderate  to 
heavy  workloads.  Decreases  in  ability  to  perform 
heavy  exercise  such  as  jogging  is  depressed  for 
several  weeks  postflight.  Part  of  this  lag  time  is 
due  to  postflight  schedules  and  to  weakened  muscu- 
loskeletal structures.  Orthostatic  intolerance  has 
already  been  discussed  (ch.  29).  The  crewmen  are 
usually  surprised  by  the  decreased  stress  of  the 
Lower  Body  Negative  Pressure  tests  postflight 
compared  to  in-flight  experiences. 

In  the  postflight  period  readjustment  to  one-g 
probably  begins  with  g-forces  associated  with  the 
opening  of  the  parachutes.  The  cardiovascular 
decrements  noted  shortly  after  this  time  probably 
are  related  to  a decrease  in  absolute  blood  volume, 
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a functional  impairment  to  venous  return  (which 
lasts  beyond  the  volume  deficit)  and  possibly  to  a 
transient  primary  myocardial  dysfunction.  For- 
tunately, the  decrements  appear  to  be  transient 
and  self-limited  and  do  not  appear  to  limit  man^s 
future  in  space. 
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CHAPTER  35 

Effect  of  Prolonged  Space  Flight  on  Cardiac 
Function  and  Dimensions 

Walter  L.  Henry,®  Stephen  E.  Epstein,®  James  M.  Griffith,®  Robert 
E.  Goldstein,®  and  David  R.  Redwood  ® 


Future  space  programs  call  for  the  exposure 
of  man  to  prolonged  periods  of  weightless- 
ness. From  previous  NASA  studies  of  astronauts 
returning  from  relatively  brief  duration  space 
missions,  it  is  clear  that  profound  but  apparently 
reversible  changes  occur  in  various  body  func- 
tions. However,  the  effects  of  prolonged  weight- 
lessness on  cardiac  structure  and  function  is 
largely  unknown.  Several  observations  have  raised 
the  suspicion  that  the  heart  might  be  affected  ad- 
versely. These  include: 

Heart  size — as  determined  radiographically  the 
heart  is  smaller  immediately  postflight  as 
compared  to  preflight; 

Postural  hypotension — occurs  early  postfiight; 
and 

Compared  to  control  preflight  studies,  cardiac 
output  during  exercise  often  is  reduced 
shortly  after  splashdown  (ch.  26). 

One  of  the  problems  in  assessing  the  signifi- 
cance of  diminished  heart  size,  postural  hypoten- 
sion, and  reduced  exercising  cardiac  output  is  that 
space  flight  results  in  a decreased  blood  volume 
and  this  may  cause  a diminution  in  cardiac  filling. 
Since  the  magnitude  of  most  parameters  of  cardiac 
function  is  dependent  on  left  ventricular  end- 
diastolic  volume  (i.e.,  left  ventricular  end-diastolic 
fiber  length),  deviations  from  normal,  without 
reference  to  existing  left  ventricular  end-diastolic 
volume,  may  merely  reflect  diminished  cardiac  fill- 
ing rather  than  a primary  aberration  of  cardiac 
function  (ref.  1).  By  taking  advantage  of  the  ca- 
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pabilities  of  echocardiography  to  measure  non- 
invasively  left  ventricular  volume,  stroke  volume, 
and  ejection  fraction,  (refs.  2,  3,  4,  5,  6,  7)  and  of 
the  fact  that  the  astronauts  were  routinely  sub- 
jected to  lower  body  negative  pressure  (whereby 
cardiac  filling  is  progressively  decreased) , we  were 
able  to  construct  classic  ventricular  function 
curves  noninvasively,  thereby  obviating  the  diffi- 
culties encountered  in  comparing  cardiac  function 
at  different  end-diastolic  volumes  preflight  and 
postflight.  In  this  manner,  the  effect  of  an  84-day 
period  of  weightlessness  on  cardiac  structure  and 
function  was  evaluated  in  the  Skylab  4 astronauts. 

Methods 

Equipment  and  Technique. — Studies  were 

performed  with  a standard  transducer  (2.25  mega- 
hertz, 10  centimeter  focus,  1.25  centimeter  diame- 
ter), and  a modified  commercial  ultrasound  unit. 
The  ultrasound  signal  was  connected  via  a custom- 
built  video  amplifier  to  a strip-chart  recorder  and 
recorded  continuously  on  light-sensitive  paper. 
The  T-scan  technique  was  used  to  visualize  the 
ventricular  septum  and  posterobasal  left  ventricu- 
lar wall  (ref.  8).  The  thickness  of  the  ventricular 
septum  was  measured  inferior  to  the  distal  mar- 
gins of  the  mitral  leaflets.  Posterobasal  left  ven- 
tricular free-wall  thickness  was  measured  with 
the  transducer  oriented  so  that  part  of  the  ultra- 
sound beam  was  reflected  from  the  posterior  mitral 
leaflet.  Both  thickness  measurements  were  made 
just  before  atrial  systole.  Left  ventricular  trans- 
verse dimensions  at  end-diastole  and  end-systole 
were  measured  using  the  T-scan  technique  to  iden- 
tify maximum  transverse  dimension  just  caudal 
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to  the  tip  of  the  mitral  leaflet  (fig.  35-1).  Left 
ventricular  volumes  were  estimated  by  cubing  the 
left  ventricular  transverse  dimensions  (refs.  2,  3, 
4).  Stroke  volume  was  calculated  by  substracting 
the  end-systolic  volume  from  the  end-diastolic 
volume  while  ejection  fraction  was  determined  by 
dividing  stroke  volume  by  end-diastolic  volume 
(refs.  2,  3).  Left  ventricular  mass  was  calculated 
by  the  method  of  Troy  et  al.  (ref.  9) . 

Study  Protocol. — Echocardiographic  studies 
were  performed  with  each  Skylab  4 astronaut  su- 
pine and  rolled  slightly  onto  his  left  side.  Data 
were  collected  preflight  on  day  10  and  postflight 
on  recovery  day  and  days  1, 2, 4, 11,  31,  and  68.  On 
each  of  these  days  a standard  procedure  was  fol- 
lowed. First,  control  measurements  were  made 
prior  to  the  standard  protocol  for  application  of 
lower  body  negative  pressure.  The  same  measure- 
ments were  repeated  5 minutes  after  the  end  of 
the  standard  lower  body  negative  pressure  proto- 
col, and  successively  followed  by  an  echo-devoted 
lower  body  negative  pressure  study  which  con- 
sisted of  seven  consecutive  IV^-minute  periods. 
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Figure  35—1. — Measurement  for  left  ventricular  dimen- 
sions at  end-diastole  and  end-systole,  Skylab  4. 


Control  values  were  obtained  during  the  first  pe- 
riod. The  middle  five  periods  occurred  during  the 
application  of  an  increasing  amount  of  lower  body 
negative  pressure,  beginning  with  —8  mm  Hg, 
proceeding  through  —16  mm  Hg,  —30  mm  Hg, 
— 40  mm  Hg,  and  ending  with  —50  mm  Hg,  A 
post  lower  body  negative  pressure  li/^-minute 
control  period  followed  the  release  of  the  50  mm 
Hg  negative  pressure.  Echocardiographic  data 
were  recorded  during  the  final  30  seconds  of  each 
period.  The  echocardiograms  from  each  astro- 
naut were  randomized  and  coded  so  that  the 
investigator  who  derived  the  dimensions  was  un- 
aware of  the  day  the  data  were  collected.  In  addi- 
tion to  the  echocardiographic  data,  systemic  blood 
pressure  (obtained  with  an  automated  sphygmo- 
manometer system)  and  heart  rate  were  recorded. 

Results 

Control  Values. — Figure  35-2  is  a plot  of  the 
estimated  left  ventricular  volume  at  end-diastole 
in  milliliters  versus  time  in  days  for  all  three 
astronauts.  Preflight,  the  Scientist  Pilot  and  Pilot 
had  volumes  that  were  above  the  normal  upper 
limit  of  141  milliliters;  immediately  postflight, 
the  left  ventricular  end-diastolic  volume  was  re- 
duced by  15  percent  in  these  same  two  astronauts. 
This  reduction  persisted  through  day  11  postflight 
but  had  returned  to  near  preflight  values  by  the 
postflight  31-day  study.  Left  ventricular  end- 
diastolic  volume  was  altered  little  in  the  Com- 
mander. 

Preflight  left  ventricular  wall  thicknesses  were 
as  follows:  Commander:  septum  10  millimeters, 
posterior  wall  11  millimeters;  Pilot:  septum  10 
millimeters,  posterior  wall  10  millimeters;  Scien- 
tist Pilot:  septum  11  millimeters,  posterior  wall 
11  millimeters.  These  values  were  all  within  the 
normal  range  of  9 to  12  millimeters  and  were  un- 
changed postflight. 

Figure  35-3  is  a plot  of  estimated  left  ventricu- 
lar mass  in  grams  versus  time  in  days  for  the 
three  Skylab  4 astronauts.  Preflight,  all  three  were 
at  or  above  the  upper  normal  limit.  Postflight,  on 
recovery  day  the  mass  was  slightly  (8  percent) 
reduced  in  the  Scientist  Pilot  and  Pilot.  These  re- 
ductions persisted  through  day  11  postflight  but 
had  returned  toward  the  preflight  values  by  the 
31st  day  postflight. 

Stroke  volume  in  milliliters  per  beat  is  plotted 
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Figure  35-2. — Estimated  left  ventricular  volume  at  end-diastole  in  milliliters  vs.  time, 

Skylab  4. 


versus  time  in  days  for  all  three  Skylab  4 crew 
members  in  figure  35-4.  Compared  to  normal 
values,  the  prefiight  volume  of  the  Scientist  Pilot 
and  Pilot  were  significantly  elevated,  while  that 
of  the  Commander  was  within  normal  limits. 
Postflight,  stroke  volume  diminished  in  the  Scien- 
tist Pilot  and  Pilot  and  was  unchanged  in  the  Com- 
mander. The  reduction  in  stroke  volume  persisted 
through  day  11  postflight  but  had  returned  to  near 
preflight  values  by  31  days  postflight. 

Lower  Body  Negative  Pressure  Data. — Satis- 
factory echocardiographic  data  were  obtained 
during  the  echo-devoted  lower  body  negative  pres- 
sure protocol  for  the  Commander  and  Pilot  but 
not  for  the  Scientist  Pilot  (tracings  from  the 
Scientist  Pilot  were  of  marginal  quality,  probably 
due  to  chest  wall  configuration) . 

Figure  35-5  is  a plot  of  the  left  ventricular  end- 
diastolic  volume  (solid  line)  and  the  stroke  vol- 
ume (dotted  line)  at  the  various  levels  of  lower 
body  negative  pressure  for  the  Pilot  preflight. 


Similar  curves  were  constructed  for  the  Com- 
mander preflight  and  for  both  the  Commander 
and  Pilot  postflight. 

Using  these  data,  ventricular  function  curves 
were  constructed  by  plotting  left  ventricular  end- 
diastolic  volume  versus  stroke  volume  for  the 
Commander  (fig.  35-6)  and  the  Pilot  (fig.  35-7). 
Preflight  values  are  shown  by  the  solid  lines  and 
the  immediate  postflight  data  by  the  dotted  lines. 
These  figures  illustrate  that  no  deterioration  in 
ventricular  function  occurred  since  the  preflight 
and  postflight  data  fall  on  the  same  straight  line. 

Discussion 

The  results  of  the  present  investigation  demon- 
strate that  small  but  significant  decreases  in 
stroke  volume  occurred  in  two  of  the  three  Skylab 
4 astronauts  immediately  following  an  84-day 
period  of  weightlessness.  Although  this  could  be 
interpreted  as  an  impairment  of  cardiac  function, 
echocardiographic  measurements  demonstrated 
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Figure  35-3. — Estimated  left  ventricular  mass  in  gram  vs.  time  in  days,  Skylab  4. 
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Figure  35-4. — Stroke  volume  in  milliliters  per  beat  vs.  time  in  days,  Skylab  4. 
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that  left  ventricular  end-diastolic  volume  also  was 
slightly  diminished  postflight  in  the  same  two 
astronauts.  Since  end-diastolic  volume  is  an  im- 
portant determinant  of  stroke  volume,  it  is  ob- 
vious that  comparisons  of  parameters  of  cardiac 
performance  must  be  made  at  comparable  end- 
diastolic  volumes.  When  this  was  done  (by  con- 
structing ventricular  function  curves),  it  was 
clear  than  no  significant  alteration  in  cardiac 
function  occurred  in  any  astronaut.  Moreover,  the 
small  decreases  in  left  ventricular  end-diastolic 
volume,  stroke  volume,  and  left  ventricular  mass 


that  did  occur  were  demonstrated  to  be  reversible 
postflight  over  a 30-day  period. 

It  is  interesting  to  speculate  on  the  mechanism 
of  the  alterations  in  left  ventricular  volume  and 
mass  seen  in  the  Sky  lab  4 astronauts.  One  mech- 
anism that  could  account  for  the  dimensional 
changes  is  the  profound  change  in  plasma  volume 
that  occurs  with  weightlessness  (ch.  26).  The 
mechanism  undoubtedly  explains  at  least  some  of 
the  changes  observed  in  left  ventricular  end- 
diastolic  volume.  However,  it  is  possible  that 
other  factor  (s)  are  involved.  Of  interest,  the 
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Figure  35-5. — Left  ventricular  end-diastolic  volume  and 
stroke  volume  at  the  various  levels  of  lower  body  neg- 
ative pressure,  Pilot  of  Skylab  4. 


Figure  35—6. — Ventricular  function  curve,  Commander  of 
Skylab  4. 
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two  astronauts  (Scientist  Pilot  and  Pilot)  in 
whom  decreases  in  left  ventricular  end-diastolic 
volumes  were  observed  had  end-diastolic  volumes 
preflight  that  were  significantly  greater  than  the 
usually  accepted  normal  range.  In  this  regard, 
echocardiographic  data  of  the  Scientist  Pilot  and 
Pilot  were  very  similar  to  those  seen  in  trained 
athletes  involved  in  endurance  events  (i.e., 
swimmers,  runners)  (ref.  10)  in  that  the  echo- 
cardiograms of  such  athletes  reveal  a dilated, 
nonthickened  left  ventricle  that  ejects  an  increased 
stroke  volume.  In  contrast,  the  left  ventricular 
end-diastolic  volume  and  stroke  volume  of  the 
Commander  were  at  the  upper  limits  of  normal. 
Of  note,  the  Scientist  Pilot  and  Pilot  ran  much 
longer  distances  during  their  preflight  training 
than  the  Commander.  If  these  differences  in  car- 
diac dimensions  are  due  to  the  differences  in  the 
amount  of  preflight  distance  running  performed 
by  the  three  astronauts,  then  it  is  possible  that 
at  least  some  of  the  changes  seen  immediately 


following  the  84-day  space  mission  merely  reflect 
the  inability  to  continue  distance  running  while 
in  space.  It  should  be  emphasized  that  despite  the 
decreases  in  left  ventricular  dimensions  observed 
in  the  Scientist  Pilot  and  Pilot  immediately  post- 
flight, their  echocardiograms  postflight  were  still 
in  the  trained  athlete  range,  and  the  Commander 
was  still  at  the  upper  limit  of  normal.  That  more 
striking  changes  did  not  occur  may  be  at  least 
partly  a result  of  the  bicycle  exercises  performed 
in  space  during  the  84-day  mission. 

While  the  results  of  the  present  study  cannot 
be  extrapolated  to  longer  duration  space  missions, 
it  is  clear  that  84  days  of  weightlessness  did  not 
produce  any  deterioration  in  cardiac  function. 
Moreover,  the  changes  in  cardiac  volume  and  mass 
observed  were  minimal  and  reversible.  The  data 
indicate  that  the  cardiovascular  system  adapts 
well  to  prolonged  weightlessness  and  suggest  that 
alterations  in  cardiac  dimensions  and  function 
are  unlikely  to  limit  man's  future  in  space. 
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CHAPTER  36 

Results  of  Sky  lab  Medical  Experiment  Ml  71 — 
Metabolic  Activity 


Edward  L.  Michel,®  John  A.  Rummel,®  Charles  F.  Sawin,®  Melvin  C. 
Buderer,"  and  John  D.  Lem  ® 


WHEN  THE  metabolic  activity  experiment 
was  first  submitted  for  consideration  in 
the  proposed  medical  investigations  associated 
with  the  Skylab  Program,  it  was  hypothesized 
that  man’s  ability  to  do  work  would  be  compro- 
mised as  a result  of  exposure  to  the  weightless 
environment  of  space  flight.  At  that  time  ground- 
based  bedrest  studies  were  the  only  data  to 
support  this  hypothesis  (refs.  1,  2,  3,  4).  Exercise 
response  tests  conducted  on  some  of  the  Gemini 
crewmen  about  this  same  time  indicated  trends 
but  showed  no  statistically  significant  alterations 
postflight  as  compared  to  preflight.  The  Gemini 
Program  postflight  tests  were  conducted  approx- 
imately 24  hours  after  splashdown  when  the 
crews  returned  to  J.  F.  Kennedy  Space  Center. 
It  was  not  until  the  Apollo  Program  that  we  were 
able  to  document  a significant  decrement  in  the 
crews’  postflight  response  to  exercise  (refs.  5, 
6,  7).  During  the  Apollo  Program,  operational 
constraints  were  modified  to  permit  postflight 
medical  testing  of  the  crew  on  board  the  recovery 
aircraft  carrier  within  2 to  8 hours  after  splash- 
down. Twenty  of  the  27  Apollo  crewmen  tested 
exhibited  a statistically  significant  decrease  in 
their  tolerance  for  exercise.  Although  this  re- 
sponse was  reversible  within  24  to  36  hours,  it 
became  obvious  that  man  could  not  be  com- 
mitted to  long-duration  space  flight  until  the 
magnitude  and  time  course  of  these  changes  could 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

® Life  Sciences  Division,  Technology  Incorporated,  Hou- 
ston, Texas. 


be  established  and  the  underlying  physiological 
mechanisms  understood.  The  eventual  acceptance 
of  the  experiment  M171  Metabolic  Activity  for  all 
three  Skylab  missions  provided  us  with  an  op- 
portunity to  attempt  to  do  this.  The  primary 
objective  of  the  experiment  was  to  determine 
whether  man’s  metabolic  effectiveness  while  per- 
forming mechanical  work  was  progressively  al- 
tered by  exposure  to  the  space  environment.  The 
secondary  objective  was  to  evaluate  the  M171 
bicycle  ergometer  as  an  in-flight  crew  personal 
exerciser. 

The  results  of  the  first  (Skylab  2)  and  second 
(Skylab  3)  manned  missions  have  been  reported 
in  detail  previously  (refs.  8,  9).  This  manuscript 
is  the  report  of  the  third  (Skylab  4)  manned 
mission  and  a summary  of  what  has  been  learned 
from  all  three  Skylab  manned  missions  about  the 
physiological  response  to  exercise  during  and  af- 
ter periods  of  28  days,  59  days,  and  84  days  of 
weightlessness,  respectively. 

Materials 

A detailed  description  of  the  experiment  hard- 
ware is  reported  in  appendix  A.  (ref.  8).  The 
main  items  of  hardware  associated  with  the 
performance  of  the  M171  experiment  include  the 
bicycle  ergometer  (app.  A,  sec.  I.f.),  the  metabolic 
analyzer  (app.  A,  sec.  I.g.),  and  the  experiment 
support  system  (app  A.  sec.  I.h.).  The  experiment 
support  system  supported  common  and  special 
requirements  of  several  medical  experiments.  It 
provided  data  management  with  event  time  and 
subject  and  test  identification,  and  regulated 
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power  for  these  experiments.  It  also  provided 
visual  readouts  and  controls  for  the  blood  pres- 
sure measuring  system  and  the  vectorcardio- 
graph/heart rate  system. 

The  ergometer  is  a hand-  or  foot-driven  elec- 
tromechanical bicycle-type  exercise  device  de- 
signed to  allow  a test  subject  to  exercise  in  the 
zero-g  environment.  A restraint  system  consist- 
ing of  a shoulder  and  waist  harness  and  foot 
restraints  was  developed,  but  the  upper  torso 
harness  was  found  ineffective  and  was  discarded 
during  Skylab  2.  The  foot  restraints  were  most 
effective  and  upon  the  recommendation  of  the 
first  crew,  modified  wrap-around  handlebars  were 
installed  by  the  Skylab  3 crew  (fig.  36-1).  Al- 
though these  were  generally  accepted  by  the  crew- 
men, some  preferred  to  put  their  hands  on  the 
ceiling  or  to  place  padding  between  their  head 
and  the  ceiling. 

In  the  manual  workload  mode  of  control  of  the 


Figure  3^1. — M171  ergometer  restraint  methods  showing 
wrap-around  handle  bars  and  head  padding. 


ergometer,  which  was  utilized  in  the  conduct 
of  the  M171  experiment,  a continuous  range  of 
25  to  300  watts  was  available.  The  loading  of 
the  ergometer  was  independent  of  the  pedaling 
rate — ^between  50  to  80  cycles/minute.  In  addi- 
tion to  being  the  M171  experiment  stressor,  the 
ergometer  was  the  principal  device  for  personal 
exercise  during  the  mission. 

A ground  support  calibration  system  consist- 
ing primarily  of  a torque  motor,  torque  sensor, 
and  power  computer  was  developed  to  provide 
accurate  calibration  of  the  ergometer  prior  to 
installation  in  the  workshop.  Additionally,  elec- 
tronic calibration  was  performed  prior  to  each 
in-flight  test. 

The  metabolic  analyzer  consists  of  a rolling  seal 
dry  spirometer  for  the  measurement  of  volume; 
a mass  spectrometer  for  the  measurement  of  the 
four  respiratory  gases;  and  an  analog  computer 
to  calculate  minute  volume,  oxygen  consumption, 
carbon  dioxide  production,  and  respiratory  ex- 
change ratio.  Figure  36-2  is  a functional  sche- 
matic of  the  metabolic  analyzer. 

End-to-end  calibrations  utilizing  a hand  pump 
and  known  gas  mixtures  were  performed  prior 
to  installation  of  the  metabolic  analyzer  in  the 
workshop,  and  during  activation  of  the  workshop 
at  the  beginning  of  each  mission.  No  change  in 
calibration  was  evidenced  throughout  the  entire 
program. 

Methods 

Each  crewman’s  aerobic  capacity  was  deter- 
mined at  approximately  12  months  and  again  at 
6 months  prior  to  launch.  The  experiment  proto- 


Ficure  36-2. — Schematic  arrangement  of  respiratory  gas 
analyzer. 
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col,  as  shown  in  table  36-1,  consisted  of  measur- 
ing metabolic  expenditures  during  rest  and 
calibrated  exercise.  Based  upon  these  tests,  the 
three-step  workload  protocol  was  established  and 
the  experiment  protocol  was  scheduled  to  be  re- 
peated every  5 to  6 days  by  each  crewman  during 
all  three  Skylab  missions.  The  acquisition  of 
significant  baseline  data  for  each  crewman  was 
implicit  in  our  experimental  approach.  Each  sub- 
ject served  as  his  own  control. 

The  physiological  measurements  (table  36-11) 
which  were  made  during  the  conduct  of  the  exper- 
iment were  oxygen  consumption  (V^<>2),  carbon 
dioxide  production  (Vco2),  minute  volume  (Ve), 
vectorcardiogram/heart  rate,  and  blood  pressure. 
These  measurements,  with  the  exception  of  the 
vectorcardiogram/heart  rate,  were  updated  ev- 
ery minute.  Heart  rate  was  updated  every  5 


Table  36-1. — M171  Experiment  Protocol 


Time 

Exercise  protocol 

6 minutes 

Rest 

5 minutes 

25  Percent  of  Maximum  V02 

5 minutes 

50  Percent  of  Maximum  V02 

5 minutes 

75  Percent  of  Maximum  V02 

5 minutes 

Recovery 

Performed  by  each  of  three  crewmen:  Five  times  in  28-day  mission; 
Eight  times  in  69-day  mission;  Twelve  times  in  84-day  mission. 


beats  but  only  minute  averages  were  utilized  in 
the  analysis  of  M171  data.  Environmental  con- 
ditions, ergometer  work  load,  and  vectorcardio- 
gram were  measured  continuously  during  each 
experiment  run.  An  oral  body  temperature  was 
obtained  prior  to  each  test.  During  the  preflight 
and  postflight  tests,  single  breath  cardiac  output 
(ref.  10,  11),  vibrocardiographic  and  carotid 
pulse  measurements  were  made.  The  derived 
respiratory  data  included  respiratory  exchange 
ratio,  oxygen  pulse,  and  mechanical  and  pulmon- 
ary efficiency.  The  derived  cardiovascular  data 
were  mean  arterial  pressure,  pulse  pressure,  and 
in  the  preflight  and  postflight  tests,  total  periph- 
eral resistance,  A-Voj  difference,  and  stroke 
volume. 

In  performing  the  M171  experiment,  each  Sky- 
lab 4 crewman  had  eight  preflight  baseline  tests, 
six  spaced  at  approximate  monthly  intervals 
over  a 6-month  period  prior  to  launch  and  two 
additional  tests  scheduled  at  15  and  5 days  before 
flight.  The  first  six  baseline  tests  were  conducted 
by  the  crew  on  themselves  utilizing  the  one-g 
trainer.  The  last  two  baseline  tests  were  con- 
ducted in  the  Skylab  Mobile  Laboratories  by 
the  principal  investigators  who  subsequently 
performed  the  postflight  tests  in  the  Skylab  Mo- 
bile Laboratories  onboard  the  recovery  ship.  Each 
crewman  was  tested  approximately  every  6 days 
during  the  84-day  mission  for  a total  of  12  tests 
per  man. 


Table  36-11. — M171  Physiological  Measurements 


Raw  data 

Derived  data 

Ergometer  Work  Level  (watts)  — 

Respiratory : 

Respiratory: 

Respiratory  exchange  ratio. 

Oxygen  consumption. 

Oxygen  pulse. 

Carbon  dioxide  production. 

Pulmonary  efficiency  (Ve/Vo2)- 

Minute  volume. 

Mechanical  efficiency  (Vo2/watt). 

Cardiovascular: 

Cardiovascular: 

ECG/VCG. 

-Mean  arterial  pressure. 

Systolic/Diastolic  blood  pressure. 

Total  peripheral  resistence. 

Cardiac  output.^ 

Arterial- Venous  oxygen  difference  (A-V'02)  • 

Vibrocardiogram.' 

Stroke  volume. 

Carotid  Pulse.' 

^ Preflight  and  postflight  only. 
ECG,  Electrocardiograph. 
VCG,  Vectorcardiograph. 
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As  a result  of  the  experience  gained  from  the 
Gemini  and  Apollo  programs,  a concerted  effort 
was  made  during  the  planning  for  Skylab  to  per- 
form the  postflight  tests  on  the  crew  as  soon  as 
possible  after  splashdown.  To  insure  the  best  pos- 
sible comparison  between  the  preflight  and  post- 
flight experiment  data  with  those  obtained 
in-flight,  the  Skylab  Mobile  Laboratories  were 
outfitted  with  a set  of  M171  experiment  instru- 
mentation and  transported  intact  to  the  recovery 
ship.  Postflight,  eight  M171  tests  were  conducted 
on  each  crewman:  at  recovery  and  on  days  1,  2, 
3,  5,  11,  17,  and  31  following  recovery.  Prior  to 
the  Skylab  4 launch  and  based  on  data  obtained 
from  the  first  two  Skylab  manned  missions,  the 
principal  investigators  decided  to  perform  pre- 
flight and  postflight  tilt  ergometry  exercise  tests 
(30°  from  horizontal)  on  the  crew  in  an  attempt 
to  better  understand  the  previously  observed  post- 
flight decrements  in  response  to  exercise.  Since 
the  recovery  day  medical  testing  was  already 
excessively  long,  we  elected  to  substitute  the 
supine/upright  ergometry  testing  for  the  stand- 
ard M171  protocol.  The  standard  protocol  was 
conducted  on  the  day  after  recovery  and  all  sub- 
sequent postflight  test  days.  The  protocol  used 
for  the  modified  test  on  the  day  of  recovery  con- 
sisted of  5 minutes  supine  rest,  5 minutes  upright 
rest,  5 minutes  upright  exercise,  5 minutes  supine 
exercise,  and  5 minutes  supine  recovery.  The  exer- 
cise level  used  was  identical  to  the  first  level  of 
work  (25  percent  maximum)  of  each  crewman’s 
standard  M171  protocol.  This  modified  protocol 
was  accomplished  15  and  5 days  preceding  launch, 
on  recovery  day,  on  the  first  day  after  recovery 
prior  to  M171  standard  protocol,  and  on  17  and 
31  days  postrecovery. 

Results  of  Skylab  4 

Table  36-III  summarizes  the  Skylab  4 results 
for  the  Commander,  Scientist  Pilot,  and  Pilot, 
respectively,  utilizing  the  physiologic  variables 
which  were  routinely  monitored  during  all  per- 
formances of  the  M171  experiment.  Resting, 
level-3  exercise,  and  recovery  mean  values  are 
presented  for  each  variable  during  the  three 
phases  of  the  mission.  Those  values  outside  the 
preflight  95  percent  confidence  levels  are  footnoted. 
The  values  for  each  test  data  point  in  the  case  of 
resting  values  were  based  on  the  average  of  the 


entire  5-minute  period.  The  exercise  values  were 
based  on  the  average  of  the  last  3 minutes  of  the 
5-minute  period  and  the  recovery  values  were 
those  obtained  for  the  second  minute  during  the 
5-minute  recovery  period. 

As  can  be  seen  in  the  case  of  the  Commander, 
significant  changes  observed  in-flight  were  de- 
creased recovery  heart  rate,  decreased  resting, 
exercising,  and  recovery  diastolic  blood  pressure, 
and  increased  resting  minute  volume,  oxygen  con- 
sumption, and  carbon  dioxide  production.  Post- 
flight, the  Commander  exhibited  a significant 
elevation  in  resting  heart  rate  and  decreases  in 
both  resting  oxygen  consumption  and  carbon  di- 
oxide production. 

The  in-flight  response  of  the  Scientist  Pilot 
showed  a decreased  recovery  heart  rate  and  in- 
creased ventilation  not  only  during  rest  but  dur- 
ing exercise  and  recovery.  Additionally,  decreases 
in  resting  systolic  and  diastolic  blood  pressures 
were  observed  as  well  as  increased  carbon  dioxide 
production  during  both  exercise  and  recovery. 
Postflight,  the  Scientist  Pilot  demonstrated  sig- 
nificant elevation  in  resting  heart  rate  and  in 
resting,  exercising,  and  recovery  ventilation  ac- 
companied by  a decreased  resting  diastolic  blood 
pressure. 

The  in-flight  response  of  the  Pilot  was  similar 
to  those  of  the  other  crewmembers  in  that  he  also 
exhibited  a significant  reduction  in  both  recovery 
heart  rate  and  diastolic  blood  pressure  as  well 
as  an  increase  in  resting  minute  volume.  Unlike 
the  others,  though,  he  had  a significant  decrease 
in  exercising  oxygen  consumption  and  exercising 
minute  volume.  The  significant  changes  observed 
in  the  Pilot’s  postflight  response  were  elevated 
resting  and  exercising  heart  rates,  systolic  blood 
pressure,  and  resting  minute  volume.  The  de- 
creased oxygen  consumption  observed  in-flight  in 
the  Pilot  during  exercise  remained  so  during  the 
immediate  postflight  test  period. 

Because  of  the  immense  quantity  of  data,  we 
elected  to  report  the  mean  values  obtained  dur- 
ing the  various  phases  of  the  mission.  However, 
this  type  of  presentation  precludes  following 
transients  and/or  trends  in  these  data.  Using 
only  the  Pilot’s  data,  the  individual  plots  repre- 
sentative of  the  most  common  significant  altera- 
tions seen  in  the  Skylab  4 crew  are  presented. 
The  individual  plots  of  the  rest  of  the  crewmem- 
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Table  36-III. — Skylab  U M171  Data  Summary 


Commander 

Scientist  Pilot 

Pilot 

Variable 

Prefiight 

X 

In-flight 

X 

Postflight 

X 

Pre  flight 
X 

In-flight 

X 

Postflight 

X 

Preflight 

X 

In-flight 

X 

Post  flight 

Heart  Rate  (bpm) 

Rest 

66 

66 

"76 

64 

62 

"74 

54 

53 

"65 

Level  3 

157 

152 

163 

164 

166 

167 

147 

147 

"156 

Recovery 

112 

^87 

109 

104 

"92 

102 

114 

"91 

118 

Vo2  (1/min  STPD) 

Rest 

.237 

\283 

".203 

.269 

.289 

.263 

.238 

".283 

.253 

Level  3 

2.26 

2.20 

2.14 

3.07 

3.01 

3.00 

2.86 

"2.59 

2.63 

Recovery 

.603 

.632 

.717 

.676 

.745 

.763 

.849 

.754 

.849 

Vo2  (1/min  STPD) 

Rest 

.234 

^301 

".187 

.255 

.279 

.221 

.216 

.247 

.222 

Level  3 

2.14 

2.13 

2.05 

2.88 

"3.03 

2.91 

2.72 

2.65 

2.68 

Recovery 

.721 

.776 

.839 

.791 

".982 

.893 

1.22 

1.08 

1.08 

SBP  (mm  Hg) 

Rest 

96 

97 

106 

127 

"119 

123 

115 

115 

"125 

Level  3 

192 

195 

195 

204 

200 

198 

204 

200 

213 

Recovery 

149 

131 

170 

186 

174 

189 

188 

186 

204 

DBP  (mm  Hg) 

Rest 

67 

^59 

72 

84 

"74 

"78 

72 

"64 

74 

Level  3 

71 

^56 

67 

55 

52 

51 

60 

"51 

59 

Recovery 

66 

^61 

78 

66 

61 

63 

65 

60 

69 

Ve  (1/min  BTPS) 

Rest 

8.90 

"11.79 

9.27 

7.51 

"9.98 

" 10.33 

6.69 

"8.47 

" 10.73 

Level  3 

64.43 

62.04 

60.04 

84.18 

" 97.24 

" 102.69 

98.51 

"90.61 

95.12 

Recovery 

25,98 

24.65 

29.18 

24.6 

"31.44 

" 34.07 

40.97 

" 34.77 

45.02 

^ Outside  the  prefli^ht  96%  confidence  limit. 

STPD,  Standard  temperature  and  pressure,  dry. 
bpra.  Beats  per  minute. 

BTPS,  Body  temperature  and  pressure,  saturated  with  water  vapor. 
Vo,.  Oxygen  consumption. 


Vco,,  Carbon  dioxide  production. 
Ve,  Minute  volume. 

SBP,  Systolic  blood  pressure. 
DBP,  Diastolic  blood  pressure. 


bers  can  be  found  in  The  Proceedings  of  the  Sky- 
lab Life  Sciences  Symposium,  (ref.  12). 

Figure  36-3  deals  with  alterations  in  heart 
rate.  All  three  crewmen  displayed  a decreased 
in-flight  recovery  heart  rate.  Additionally,  all 
crewmen  exhibited  a significantly  elevated  resting 
and  exercising  heart  rate  immediately  postflight. 
Figure  36-4  is  a plot  of  the  ventilation  response. 
All  crewmen  exhibited  a significantly  elevated  in- 
flight resting  minute  volume  which  continued  dur- 
ing the  postflight  testing  for  both  Scientist  Pilot 
and  Pilot.  Figure  36-5  shows  the  decreased  in- 
flight resting  and  exercising  diastolic  blood  pres- 
sure observed  in  all  Skylab  4 crewmen. 

Figures  36-6  and  36-7  show  the  results  of 
the  preflight  and  postflight  cardiac  output  and 
stroke  volume  measurements.  As  stated  previ- 
ously, the  first  standard  M171  protocol  was  done 


on  the  first  day  after  recovery.  On  that  day  only 
the  Commander  exhibited  a decrease  in  cardiac 
output  (41  percent)  and  stroke  volume  (41  per- 
cent) ; these  values  showed  a prolonged  but  grad- 
ual increase  back  toward  normal  and  both 
parameters  were  within  15  percent  of  normal 
by  31  days  after  recovery.  The  cardiac  output 
values  for  the  Scientist  Pilot  and  Pilot  were 
slightly  increased  over  preflight  while  their  stroke 
volume  values  were  slightly  decreased.  The  car- 
diac output  and  stroke  volume  levels  of  the  Scien- 
tist Pilot  gradually  increased  from  the  first  day 
after  recovery  to  31  days  postflight  when  both 
of  these  levels  were  significantly  increased  over 
preflight  values.  The  Pilot  showed  a slight  down- 
ward trend  in  cardiac  output  after  the  first  day 
following  recovery  but  his  postflight  stroke  vol- 
ume showed  no  particular  trend.  As  would  be 
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expected,  based  on  the  cardiac  output  and  stroke 
volume  data,  the  Scientist  Pilot  and  Pilot  had  no 
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□ Level  3 exercise 
■ Recovery 
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Figure  36-3. — Heart  rate,  Skylab  4 Pilot. 
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Figure  36-4. — Ve,  Skylab  4 Pilot. 


change  in  their  A-V02  differences  while  the  Com- 
mander exhibited  an  increased  A-’\^02  difference 
of  about  the  same  percent  magnitude  as  his  ob- 
served reduced  cardiac  output.  The  interpreta- 
tion of  these  results  will  be  addressed  later  in 
conjunction  with  the  results  from  the  Skylab  2 
and  Skylab  3 missions. 

The  tilt  ergometry  studies  demonstrated  that 
resting  heart  rate  increased  when  subjects  were 


Time,  days 


Figure  36—5. — ^Diastolic  blood  pressure,  Skylab  4 Pilot. 


Preflight  In-flight  Postflight 


Time,  days 

Figure  36-6. — Cardiac  output  during  submaximal  exercise 
(Skylab  4). 
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placed  upright  from  the  supine  position.  Pre- 
flight, the  average  increase  was  from  54  to  61 
beats  per  minute  (12.6  percent)  while  in  the 
immediate  postflight  period  the  increase  was 
from  65  to  83  beats  per  minute  (27  percent). 
Thus,  not  only  was  the  resting  level  slightly  in- 
creased in  the  supine  position  postflight  but  the 
change  in  heart  rate  when  positioned  upright  was 
signiflcantly  greater.  The  late  postflight  values 
were  similar  to  preflight. 

Figure  36-8  summarizes  the  response  of  Skylab 
4 crewmen  during  the  25  percent  maximum  ex- 
ercise in  the  supine  and  upright  positions.  For 
data  comparison,  the  six  tests  obtained  on  each 
crewman  were  categorized  into  preflight,  immedi- 
ate postflight,  and  late  postflight  periods.  During 
preflight  tests  there  was  very  little  change  in 
exercising  heart  rate  when  the  subject  was  placed 
supine  after  5 minutes  in  the  upright  position. 
Preflight  mean  supine  and  upright  values  were 
exactly  the  same  at  103  beats  per  minute  while 
the  immediate  postflight  change  was  only  from 
117  beats  per  minute  to  114  beats  per  minute.  For 
some  yet  unexplained  reason  the  Commander  ex- 
hibited a very  marked  response  on  one  of  his 
late  postflight  tests.  All  other  late  postflight  tests 
were  similar  to  baseline.  On  the  other  hand,  stroke 
volume,  as  depicted  by  the  dotted  line,  did  show 


significant  changes  when  the  subject  was  posi- 
tioned from  the  upright  to  the  supine  during 
immediate  postflight  exercise.  Whereas  the  values 
for  supine  exercise  immediately  postflight  were 
within  5 milliliters  of  preflight,  stroke  volume 
decreased  approximately  24  milliliters  in  all  three 
crewmen  upon  assuming  the  upright  position. 

Table  36-IV  depicts  what  each  Skylab  crew- 
man elected  to  do  for  personal  exercise.  After 
mission  day  23  the  crew  reverted  to  negative 
reporting  and  only  reported  deviations  from  their 
selected  exercise  protocols.  As  can  be  seen,  each 
crewman  selected  a veiy  vigorous  personal  ex- 
ercise program  which  involved  not  only  quanti- 
tative bicycle  ergometry  for  stressing  of  the 
cardiovascular  system  but  also  the  minigym,  ex- 
tensor springs,  and  “treadmill”;  these  exercises 
and  exercise  devices  are  described  in  chapter  21. 
The  latter  three  exercise  devices  were  placed 
aboard  for  exercise  of  arm  and  leg  antigravity 
muscles  not  adequately  conditioned  by  bicycle  er- 
gometer  exercise.  These  data  will  be  further  ad- 
dressed when  summarizing  the  differences  in 
personal  exercise  habits  of  the  various  crewmen. 
Additionally,  during  Skylab  4 we  obtained  instru- 
mented personal  exercise  periods  on  all  crewmen 
(table  36-V).  Although  there  had  been  no  re- 
quirement for  any  instrumentation  during  per- 
sonal exercise,  in  preflight  discussions  with  the 
Skylab  4 crew  they  agreed  to  periodically  instru- 
ment (vectorcardiograph/heart  rate,  blood  pres- 


J ± Standard  deviation 
— Heart  rate 


Figure  36-7. — Mean  stroke  volume  during  submaximal 
exercise  (Skylab  4). 


Figure  38—8. — Skylab  4 supine  ergometry  (25  percent  of 
maximum). 
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sure,  and  metabolic  analyzer)  themselves. 
Measured  heart  rates  and  oxygen  consumptions 
revealed  that  the  crew  had  no  difficulty  in  per- 
forming maximum  levels  of  exercise  during  their 
personal  exercise  periods.  Heart  rates  in  the 
range  of  176  to  185  beats  per  minute  were  ob- 
served during  crew  work  loads  of  230  to  286 
watts.  With  regard  to  the  V02  values  normalized 
for  body  weight,  there  can  be  no  doubt  that  the 
Sky  lab  4 crew  did  improve  their  physical  con- 
dition during  the  course  of  the  mission. 

Summary  of  Skylab  Exercise  Response  Testing 

Table  36-VI  summarizes  the  performance  of 
experiment  M171  during  three  Skylab  missions. 


A total  of  82  tests  were  performed  in-flight  on  the 
nine  crewmen.  All  in-flight  tests  were  completed 
as  programed  with  the  exception  of  the  first  in- 
flight tests  on  the  Pilot  and  Scientist  Pilot  of 
Skylab  2.  The  Pilot's  test  was  terminated  2 min- 
utes and  the  Scientist  Pilot's  test  4 minutes  into 
the  third  level  of  exercise  due  to  ergometer  re- 
straint and  environmental  thermal  problems. 

Tables  36~VII  and-VIII  summarize  the  results 
for  pulmonary  efficiency  (Ve  at  2LV02)  or  me- 
chanical efficiency  (V02  at  150  watts).  The  only 
significant  changes  in  pulmonary  efficiency  in- 
flight were  observed  in  the  Skylab  2 Pilot  and  the 
Skylab  4 Scientist  Pilot.  Postflight,  only  the  Sky- 
lab 3 Scientist  Pilot  and  Skylab  4 Scientist  Pilot 


Table  36-IV. — Daily  Personal  Exercise  Protocol  Selected  by  Each  Skylab 

U Crewman 

Scientist 

Exercise 

Commander 

Pilot 

Pilot 

Leg  Ergometry  (watt  min). 

5000 

8337 

6000 

Minigym  (Total  Repetitions). 

100 

200 

200 

Springs  (Total  Repetitions). 

75 

0 

120 

Torso  Isometrics  (Total  Repetitions) 

20 

0 

20 

Treadmill : 

Walk  (min). 

10 

0 

0 

Run  (min). 

1 

0 

0 

Springs  (Repetitions). 

800 

1000 

100 

Toe  Rises  (Repetitions). 

200 

200 

75 

Table  36-V. — Instrumented  Maximum  In-flight  Ergometry 


Skylab  U Crewman 

Mission 

day 

W orkloady 
watts 

Vo, 

(liters /min) 

Vo, 

(cc/kg  per  min) 

Heart  rate, 
(bpm) 

(liters/min) 

Commander 

(Preflight) 

2.716 

40 

183 

83 

21 

240 

3.041 

45 

181 

106 

66 

244 

3.149 

46.2 

183 

121 

79 

242 

2.930 

42.5 

184 

115 

Scientist  Pilot 

(Preflight) 

3.423 

48.9 

183 

89 

20 

286 

3.692 

53.3 

184 

>142 

27 

286 

3.910 

56.3 

185 

>138 

42 

286 

3.855 

55.3 

183 

>150 

65 

286 

183 

>140 

82 

286 

3.801 

54.2 

185 

>147 

Pilot 

(Preflight) 

3.182 

47 

183 

119 

33 

238 

2.932 

44.6 

176 

103 

37 

230 

2.932 

44.2 

178 

137 

63 

244 

3.584 

53.8 

183 

>150 

83 

286 

3.366 

50.5 

185 

>150 
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demonstrated  a significant  difference  in  pulmon- 
ary efficiency  relative  to  preflight  baseline.  Thus, 
there  appears  to  be  no  trend  in  these  data  that 
would  indicate  that  space  flight  changes  the  pul- 
monary efficiency  of  the  crews  during  submaximal 
exercise.  Conversely,  six  of  the  nine  crewmen 
demonstrated  a small  but  statistically  significant 
increase  in  in-flight  mechanical  efficiency  and  four 
of  these  six  maintained  this  increased  mechanical 
efficiency  during  the  postflight  test  period.  The 
exact  reason  for  this  is  not  known,  but  it  might  be 
a result  of  a training  effect.  This  was  unexpected 
in  that  one  would  expect  mechanical  efficiency,  if 
changed,  to  decrease  because  of  the  restraint  prob- 
lems expected  in  the  weightless  environment. 

Generally,  the  in-flight  and  postflight  responses 
to  exercise  by  the  crews  of  Skylab  2,  3,  and  4 were 
similar.  In-flight,  some  subtle,  isolated  differences 
were  seen.  However,  there  were  no  trends  ob- 
served which  would  indicate  a degradation  in  the 
exercise  response  of  the  crews.  The  Skylab  4 
crew  exhibited  a significant  in-flight  decrease  in 
recovery  heart  rate  but  not  in  resting  (sitting 
position)  heart  rate.  The  Skylab  2 crew,  on  the 
other  hand,  exhibited  decreases  in  both  param- 
eters while  the  Skylab  3 crew  exhibited  no 
changes  in  either.  Figure  36-9,  shows  six  of  the 
nine  crewmen  had  elevated  resting  ventilation 
in-flight  which  was  maintained  in  five  of  these 


Table  36- VI. — Experiment  M171  Performance 
Summary  Three  Skylab  Missions 


Tests 

Commander 

Scientist  Pilot 

Pilot 

Skylab  2 

Preflight 

5 

5 

5 

In-flight 

6 

6 

7 

Postflight 

8 

7 

9 

Skylab  3 

Preflight 

7 

7 

7 

In-flight 

9 

9 

9 

Postflight 

8 

8 

8 

Skylab  4. 

Preflight 

8 

8 

8 

In-flight 

12 

12 

12 

Postflight 

8 

8 

8 

same  individuals  during  the  immediate  postflight 
period.  “Exercising”  diastolic  blood  pressures 
were  significantly  decreased  in-flight  in  five  of  the 
crewmen  while  “exercising”  in-flight  oxygen  con- 
sumption was  slightly  decreased  in  six  crewmen 
(fig.  36-10  and  36-11). 

Postflight,  a significant  decrement  in  response 
to  exercise  was  noted  in  all  crewmen.  The  degra- 
dation was  evidenced  by  a decreased  oxygen  pulse 
(increased  heart  rate  for  a given  oxygen  con- 
sumption) as  seen  in  Figure  36-12.  Additionally, 
a decreased  cardiac  output  for  the  same  oxygen 
consumption,  and  a decreased  stroke  volume  were 
found.  Significantly  elevated  resting  ventilation 
was  evidenced  immediately  postflight  in  both  the 
Scientist  Pilot  and  Pilot  on  Skylab  4 and  the  Com- 
manders of  Skylab  2 and  3. 

Figures  36-13  and  36-14  summarize  the  cardiac 
output  and  stroke  volume  data  for  all  three  crews. 
Changes  in  blood  flow  during  exercise  subsequent 
to  prolonged  exposure  to  weightlessness  were 
among  the  most  consistent  and  striking  findings 
of  the  Skylab  medical  experiments.  The  six  astro- 
nauts who  comprised  the  crews  of  Skylab  mis- 
sions 2 and  3 exhibited  large  decreases  in  both 
cardiac  output  and  stroke  volume  during  exercise 
on  the  recovery  day  M171  tests.  At  that  time,  the 
Skylab  2 crewmen  showed  an  average  cardiac  out- 
put deficit  of  28  percent  coupled  with  a 47  percent 
decline  in  stroke  volume  as  compared  to  preflight 
values.  For  the  Skylab  3 crew  on  the  day  of  recov- 
ery, cardiac  output  was  decreased  by  35  percent 
and  stroke  volume  was  45  percent  lower  than  pre- 
flight. For  both  crews,  the  cardiac  output  values 
returned  to  within  15  percent  of  preflight  by  the 
second  day  after  recovery  while  the  stroke  volume 
deficit  required  8 to  16  days  to  return  to  within  15 
percent  of  preflight  values.  However,  stroke  vol- 
ume increased  rapidly  to  within  80  percent  of 
preflight  during  the  first  4 postflight  days.  The 
percent  changes  in  cardiac  output  and  sti’oke  vol- 
ume were  accompanied  by  changes  in  A-V02  differ- 
ences of  approximately  equal  magnitude  but 
opposite  direction. 

The  present  data  collected  on  the  Skylab  crews 
would  tend  to  implicate  altered  venous  return  as 
the  cause  of  decreased  cardiac  output.  The  aug- 
mented stroke  volumes  noted  during  30°  tilt 
exercise  reduce  the  likelihood  that  decreased  myo- 
cardial function  was  the  limiting  process.  Also,  the 
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rapid  initial  rise  in  both  cardiac  output  and  stroke 
volume  over  the  first  4 postflight  days  would  bet- 
ter parallel  presumed  readjustments  in  blood 
volume  and  vascular  competence  than  would  be 
expected  if  restorative  processes  were  occurring 
in  the  myocardium. 

In  comparing  the  personal  exercise  levels  of  the 
various  crews  it  becomes  obvious  that  the  amount 


of  exercise  accomplished  in-flight  was  effective  in 
maintaining  a normal  crew  exercise  response  in- 
flight as  well  as  in  shortening  the  length  of  the 
postflight  readaptation  period.  Table  36-IX  com- 
pares the  quantitative  bicycle  ergometer  exercise 
accomplished  by  the  crews.  Reference  to  the  far 
right-hand  column,  showing  these  data  normalized 
to  the  crewman's  body  weight,  reveals  that  the 


Table  36-VII. — Pulmonary  Efficiency 
(Ve  at  2 Liters  Vo^^) 


Sky  lab 
mission 

Time  period 

Commander 

Scientist  Pilot 

Pilot 

X 

SD 

X 

SD 

X 

SD 

2 

Preflight 

51.8 

3.78 

59.8 

3.68 

59.6 

2.16 

In-flight 

50.9 

3.32 

64.9 

3.49 

68.4 

^2.30 

Postflight 

40.9 

3.65 

61.2 

2.89 

67.5 

4.06 

3 

Preflight 

57.6 

7.73 

49.4 

3.46 

56.8 

3.69 

In-flight 

56.8 

5.56 

51.9 

5.21 

57.9 

4.19 

Postflight 

55.3 

3.66 

54.8 

M.96 

59.3 

2.05 

4 

Preflight 

54.7 

3.15 

48.8 

1.80 

60.4 

2.53 

In-flight 

54.8 

4.41 

55.6 

^2.93 

62.9 

3.71 

Postflight 

53.3 

3.10 

54.5 

"2.94 

62.4 

2.67 

^Significant  at  P<0.05. 

Ve,  Minute  volume. 

Vojf  Oxygen  consumption. 

SD,  Standard  deviation. 

Table  36-VIIL- 

—Mechanical  Efficiency 

('(^02  at  150  watts) 

Commander 

Scientist  Pilot 

Pilot 

Skylah 

mission 

Time  period 

X 

SD 

X 

SD 

X 

SD 

2 

Preflight 

2.07 

0.09 

2.07 

0.22 

2.10 

0.069 

In-flight 

1.87 

0.10 

1.83 

0.14 

1.84 

"0.05 

Postflight 

2.05 

0.08 

2.06 

0.08 

2.00 

0.07 

3 

Preflight 

2.04 

0.11 

2,01 

0.07 

2.02 

0.17 

In-flight 

1.93 

^0.08 

1.79 

"0.27 

1.87 

"0.07 

Postflight 

1.93 

0.10 

1.89 

"0.05 

1.86 

"0.06 

4 

Preflight 

1.96 

0.09 

1.94 

0.05 

2.11 

0.11 

In-flight 

1.85 

^0.09 

1.89 

0.08 

1.88 

"0.08 

Postflight 

1.83 

^0.05 

1.98 

0.10 

1.90 

"0.04 

^Significant  at  P<0.05. 

Voj.  Oxygen  consumption. 
SD,  Standard  deviation. 


382 


BIOMEDICAL  RESULTS  PROM  SKYLAB 


Skylab  3 crew  exercised  about  107  percent  more 
than  the  Skylab  2 crew  and  the  Skylab  4 crew 
exercised  130  percent  more  than  the  Skylab  2 
crew.  Except  for  some  isolated  individual  re- 
sponses in  the  cardiac  output  and  stroke  volume 
data,  all  other  parameters  returned  to  normal  in 
approximately  18  to  21  days  for  the  Skylab  2 
crew,  5 days  for  the  Skylab  3 crew,  and  4 days 
for  the  Skylab  4 crew.  Based  on  these  data  there 
appears  to  be  no  correlation  between  the  length 
of  the  postflight  readaptation  period  and  mission 
duration.  It  is  interesting  to  note  that  the  amount 
of  exercise  performed  in-flight  was  inversely  re- 
lated to  the  length  of  time  required  postflight  to 
return  to  preflight  status. 

As  stated  previously,  the  Skylab  4 results  were 
somewhat  different  and  are  more  appropriately 
depicted  by  examining  the  response  of  the  indi- 
vidual Skylab  4 crewmen  shown  in  figures  3&-6, 
36-7. 

The  data  from  the  Skylab  4 Commander  are 


similar  to  those  seen  in  Skylab  2 and  Skylab  3 
crewmen  although  his  return  to  normal  was 
slower  than  the  astronauts  of  Skylab  missions  2 
and  3. 

The  consistent  postflight  elevation  in  cardiac 
output  and  stroke  volume  for  the  Scientist  Pilot 
of  Skylab  4 may  be  a reflection  of  in-flight  phys- 
ical conditioning  in  this  individual.  His  in-flight 
exercise  regimen  was  rigorous,  and  it  is  likely 
that  his  measured  preflight  cardiac  output  and 
stroke  volume  values  were  not  representative  of 
his  improved  physical  condition  at  the  end  of  the 
orbital  period.  Thus,  his  immediate  postflight 
values  might  well  have  been  depressed  and  only 
fortuitously  appeared  to  be  the  same  as  his  pre- 
flight values.  The  upward  trend  in  stroke  volume 
during  the  latter  days  of  postflight  testing  would 
seem  to  lend  credence  to  the  idea  that  his  post- 
flight “normal”  levels  were  somewhat  higher  than 
preflight. 

The  results  from  the  Skylab  4 Pilot  are  perhaps 
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•Significant  difference  from  baseline  [p  < 0.05) 


Figure  36—9. — Resting  minute  volume. 
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even  more  difficult  to  explain.  His  cardiac  output 
and  stroke  volume  values  showed  little  or  no 
change  from  preflight  values  during  any  of  the 
postflight  tests.  From  the  1st  through  the  17th 
day  postflight  both  parameters  showed  a small 
downward  trend  but  the  overall  magnitude  of  the 
trend  is  small  enough  to  be  of  questionable  signifi- 
cance. It  is  possible  that  his  cardiovascular  sys- 
tem was  inherently  nonresponsive  to  the 
weightless  environment  due  to  factors  which  we 
cannot  define  at  this  time. 

The  tilt  ergometry  testing  accomplished  pre- 
flight and  postflight  in  the  Skylab  4 mission 
demonstrated  that  immediate  postflight  supine 
heart  rates  were  elevated  both  during  rest  and 
exercise.  Although  a tachycardia  was  observed 
in  the  upright  position,  the  change  in  “exercising” 
heart  rate  was  not  nearly  as  pronounced  as  during 
rest.  Both  systolic  and  diastolic  blood  pressures 


were  elevated  in  the  upright  position  in  at  least 
two  of  the  three  Skylab  4 crewmen  while  data 
for  the  third  crewman  were  not  as  clear-cut  due 
to  technical  problems  with  the  blood  pressure 
measuring  system  postflight.  During  both  the 
supine  and  upright  positions  reduced  cardiac  out- 
put was  observed  immediately  postflight  for  the 
same  stress  level.  However,  the  decrease  was  less 
in  the  supine  position.  These  results  on  highly 
active  crewmen  cannot  be  directly  compared  with 
the  limited  studies  accomplished  after  complete 
bed  rest  in  which  supine  exercising  stroke  vol- 
umes were  greatly  reduced  (refs.  2,  4). 

The  secondary  objective  of  the  M171  exper- 
iment was  to  evaluate  the  bicycle  ergometer  as 
an  in-flight  exerciser  for  long-duration  missions. 
Upon  exposure  to  the  weightless  environment,  the 
crews  commented  on  a “fullness  in  the  head”  feel- 
ing and  sinus  problems  which  never  really  sub- 
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Figure  36-10. — Diastolic  blood  pressure  (level  3 exercise). 
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Figure  36-11. — Oxygen  consumption,  level  3 exercise. 
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•Significant  difference  from  baseline  {p  < 0.05) 


Figure  36—12. — Heart  rate,  level  3 exercise. 
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Time,  days 

Figure  36-13. — Cardiac  output  during  submaximal  ex- 
ercise. 


sided.  The  crews  have  reported  that  the  bicycle 
ergometer  exercise  provided  relief  from  these  sub- 
jective feelings,  which  partially  explains  the 
strong  desire  for  the  crewmen  to  exercise.  The 
heavy  leg  exercise  evidently  facilitated  the  return 
of  the  blood  to  the  lower  extremities  thus  reliev- 
ing their  symptoms.  The  bicycle  ergometer  proved 
to  be  a very  effective  stressor  of  the  cardiovascu- 
lar system.  If  it  were  to  be  the  exerciser  chosen 
for  long-duration  missions,  additional  provision 
would  have  to  be  made  for  maintaining  muscular 
strength  in  those  antigravity  muscles  not  ade- 
quately exercised  by  the  bicycle  ergometer. 


Preflight  In-flight  Postflight 

Time,  days 


Figure  36-14. — Stroke  volume  during  submaximal  exer- 
cise. 

Conclusions 

Immediately  postflight  all  crewmen  showed  a 
significant  decrement  in  submaximal  exercise 
response.  The  degradation  was,  in  large  part,  evi- 
denced by  decreases  in  oxygen  pulse,  cardiac  out- 
put, and  stroke  volume.  Since  similar  in-flight 
effects  were  neither  observed  nor  suspected,  it  is 
apparent  that  these  physiological  responses  were 
a result  of  readaptation  to  one-g.  Furthermore, 
it  appears  that  the  responses  we  observed  resulted 
from  decreased  venous  return  due  to  readjust- 
ments in  fluid  balance/blood  volume  state  or 
vascular  tone.  This  postflight  readaptation  period 


Table  36-IX. — In-flight  Quantitative  Personal  Exercise  Summary 


Skylab 

mission 

Crewman 

(1)  Total 
(watt  min) 

(2)  Daily  avg 
(watt  min) 

(3)  Daily  avg 
( watt  min/kgm 
body  weight) 

Avg 

2 

Commander 

62  810 

2 855 

47 

Scientist  Pilot 

45  307 

1618 

21 

31.3 

Pilot 

56  796 

1993 

26 

3 

Commander 

228  581 

3 874 

58 

Scientist  Pilot 

214  645 

3 638 

62 

65.0 

Pilot 

386  193 

6 545 

76 

4 

Commander 

349  210 

4 108 

62 

Scientist  Pilot 

469  420 

5 523 

80 

72.3 

Pilot 

414  760 

4 879 

75 

(1)  Includes  M171  experiment  tests  and  personal  exercise. 

(2)  Based  on  28-day  Skylab  2 mission,  59-day  Sky  lab  3 mission,  and  84-day  Skylab  4 mission. 

(3)  Based  on  mean  in-di^ht  body  weigrht. 
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was  of  short  duration,  was  not  intensified  by  the 
duration  of  the  mission,  and  resulted  in  no  ir- 
reversible effects. 

Although  personal  exercise  was  not  experimen- 
tally controlled  during  the  Skylab  Program,  quali- 
tative comments  by  the  crewmen  indicated  that 
they  derived  some  psychological  benefits  from 
these  activities.  In  addition,  given  the  known 
physiological  effects  of  high  levels  of  physical 
activity  that  occur  in  normal  gravity,  it  would  not 
be  unreasonable  to  assume  that  in-flight  exercise 
had  a beneficial  effect  not  only  in  the  maintenance 
of  a normal  in-flight  response  to  exercise  and  well- 
being but  also  in  reducing  the  period  of  time  re- 
quired for  readaptation  postflight.  However,  this 
hypothesis  must  be  evaluated  by  proper  experi- 
mentation. In  the  meantime,  we  will  recommend 
exercise  as  a beneficial  adjunct  to  space  flight. 

The  successful  completion  of  the  28-,  59-,  and 
84-day  Skylab  missions  showed  that  man  can 
perform  submaximal  and  maximal  aerobic  exer- 
cise in  the  weightless  environment  without  detri- 
mental trends  in  any  of  the  physiologic  data. 
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CHAPTER  37 

Pulmonary  Function  Evaluation  During  and 
Following  Skylab  Space  Flights 


Charles  F.  Sawin,®  Arnauld  E.  Nicogossian,®  A.  Paul  Schachter,'’ 
John  A.  Rummel,®  and  Edward  L.  Michel  ® 


PREVIOUS  EXPERIENCE  during  the  Apollo  Pro- 
gram showed  no  major  changes  in  pulmon- 
ary function  when  evaluated  by  postflight 
exercise  testing  (ref.  1).  Although  pulmonary 
function  has  been  studied  in  detail  following 
exposure  to  hypoxic  and  hyperoxic  environments, 
few  studies  (refs.  2,  3,  4,  5,  6)  have  dealt  with 
normoxic  environments  at  reduced  total  pressure 
as  encountered  during  Skylab.  The  absence  of 
a gravity  vector  would  be  expected  to  facilitate 
ventilation/perfusion  relationships  and  result  in 
better  overall  gas  exchange  in  the  weightless 
state.  Because  of -this  and  the  absence  in  previous 
history  of  postflight  pulmonary  problems,  vital 
capacity  was  initially  proposed  as  the  only  func- 
tional screening  test  for  Skylab. 

Cardiac  output  measurements  were  made  in 
our  laboratory  (ref.  7)  during  preflight  and 
postflight  exercise  tests  using  the  technique  of 
Kim  et  al.  (ref.  8).  Due  to  the  magnitude  of 
decreases  in  cardiac  output  following  the  first 
and  second  manned  Skylab  missions  and  because 
the  method  of  Kim  et  al.  is  based  upon  normal 
pulmonary  function,  it  was  decided  to  perform 
more  thorough  pulmonary  function  screening  in 
conjunction  with  the  final  and  longest  duration 
Skylab  mission.  This  paper  summarizes  pulmonary 
function  data  obtained  during  all  three  Skylab 
missions. 

•NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

" Technology  Incorporated,  Houston,  Texas. 


Methods 

The  Skylab  Program  consisted  of  three  manned. 
Earth-orbital  flights  of  progressively  increased 
duration  (28,  59,  and  84  days).  Each  Skylab  crew 
included  a Commander,  a Scientist  Pilot,  and  a 
Pilot.  The  average  composition  of  the  spacecraft 
gas  atmosphere  during  Skylab  was:  inspired 
oxygen  partial  pressure  equal  to  22.6  kPa  (170 
mm  Hg) , inspired  nitrogen  partial  pressure  equal 
to  10  kPa  (75  mm  Hg),  inspired  water  partial 
pressure  equal  to  1.3  kPa  (10  mm  Hg),  inspired 
carbon  dioxide  partial  pressure  equal  to  6.7  kPa 
(5  mm  Hg),  although  the  nominal  composition  was 
inspired  oxygen  partial  pressure  equal  to  24.1  kPa 
(188  mm  Hg)  and  inspired  nitrogen  partial  pres- 
sure equal  to  10.3  kPa  (77  mm  Hg)  at  a total 
pressure  equal  to  34.4  kPa  (258  mm  Hg).  This 
atmosphere  was  planned  to  provide  approximate 
sea  level  equivalent  alveolar  oxygen  partial  pres- 
sure. 

The  Skylab  4 pulmonary  function  test  equip- 
ment layout  is  shown  in  figure  37-1.  Skylab  met- 
abolic analyzers  (ref.  9)  were  used  for  all  Skylab 
2 and  Skylab  3 pulmonary  function  studies. 
Briefly,  these  units  were  designed  to  measure 
vital  capacity  and  respiratory  gas  exchange  CVo^. 
Vcoj,  V'e).  Each  unit  had  rolling  seal  spirometers, 
a mass  spectrometer,  and  an  analog  computer. 

Forced  vital  capacity  and  its  derivatives  were 
measured  during  the  preflight  and  postflight 
periods  of  the  first  manned  mission  (Skylab  2). 
Initial  in-flight  measurements  of  vital  capacity 
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were  obtained  during  the  last  2 weeks  of  the 
second  manned  mission  (Skylab  3).  Comprehen- 
sive pulmonary  function  screening  was  accom- 
plished during  the  final  manned  mission  (Skylab 
4).  One  metabolic  analyzer  was  modified  to  sup- 
port the  Skylab  4 preflight  and  postflight  pulmo- 
nary function  screening.  This  unit  was  modified  to 
compute  the  volume  of  nitrogen  washed  out  as: 

Oxygen  was  supplied  to  the  inspiration  spirome- 
ter via  a demand  regulator.  These  modifications 
permitted  residual  volume  determination  by  open 
circuit  washout  of  pulmonary  nitrogen  during 
oxygen  breathing  (refs.  10, 11, 12). 

A respiratory  mass  spectrometer  monitored  ni- 
trogen partial  pressure  continuously  at  the  subject 
interface.  An  XY  plotter  provided  continuous 
nitrogen  partial  pressure  (ordinate)  as  a func- 
tion of  time  (abscissa)  during  residual  volume 
determinations. 

Closing  volume  and  closing  capacity  together 
with  their  ratios  to  vital  capacity  and  total  lung 
capacity,  have  been  proposed  as  indicators  of 
small  airway  mechanics  (refs.  13,  14).' These  in- 
dices were  computed  from  data  obtained  from  the 
single-breath  oxygen  washout  test  and  residual 
volume.  Vital  capacity  and  forced  vital  capacity 
were  measured  to  obtain  commonly  reported  flow 
and  volume  parameters,  (refs.  15,  16,  17,  18). 
Residual  volume  and  closing  volume  measurements 


Figure  37—1. — Skylab  4 pulmonary  function  test  equip- 

ment. 


were  made  with  the  subject  in  the  sitting  position. 
Vital  capacity  and  forced  vital  capacity  measure- 
ments were  made  with  the  subject  standing. 

An  analog  tape  recorder  and  strip  chart  were 
used  during  all  Skylab  4 preflight  and  postflight 
testing  to  provide  permanent,  synchronous  rec- 
ords of  nitrogen  partial  pressure  at  the  mouth- 
piece, tidal  volume,  flow  rate,  and  nitrogen 
washout.  The  Skylab  4 preflight  pulmonary  func- 
tion examinations  were  conducted  10  days  pre- 
flight. Vital  capacity  was  measured  at  6 day 
intervals  in-flight.  Complete  postflight  examina- 
tions were  conducted  on  recovery  day  and  1,  2,  and 
5 days  after  recovery.  Vital  capacity  measure- 
ments were  continued  at  11,  17,  and  31  days  post- 
flight. 

Results  and  Discussion 

Pulmonary  function  data  for  Skylab  crewmen 
obtained  in  the  Cardiopulmonary  Laboratory  at 
Johnson  Space  Center  during  annual  astronaut 
physical  examinations  are  summarized  in  table 
37-1.  Vital  capacity  and  flow  rate  data  for  the 
Skylab  3 Scientist  Pilot  were  low  relative  to  re- 
ported normal  values  (refs.  16,  18) ; however,  the 
Scientist  Pilot  demonstrated  adequate  pulmonary 
reserve  during  numerous  bicycle  ergometer  exer- 
cise tests  in  our  laboratory.  With  the  exception 
of  pulmonary  function  data  for  the  Skylab  2 Sci- 
entist Pilot  and  the  Skylab  4 Pilot,  table  37—1 
contains  the  means  and  standard  deviations  of 
data  from  each  crewman's  three  or  four  annual 
physical  examinations  preceding  Skylab. 

Skylab  2 Forced  Vital  Capacity  Determinations. 
—Table  37-11  summarizes  the  preflight,  recovery 
day,  and  first  day  postrecovery  forced  vital  capac- 
ity data.  No  data  were  obtained  for  the  Scientist 
Pilot  postflight  due  to  orthostatic  intolerance  com- 
plicated by  sea  sickness.  The  values  shown  for 
each  crewman  represent  the  best  effort  of  two 
trials.  The  Commander’s  forced  expired  volume  in 
1 second  on  the  first  day  postflight  was  signifi- 
cantly reduced.  Based  on  his  normal  forced  vital 
capacity,  it  is  possible  that  his  decreased  forced 
expiratory  volume  in  1 second  was  due  to  less  than 
maximal  subject  effort. 

Skylab  3 Vital  Capacity  Determinations. — In- 
flight vital  capacity  measurements  were  made  dur- 
ing the  last  2 weeks  of  the  Skylab  3 mission. 
Results  of  preflight,  in-flight,  and  postflight  meas- 
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Table  37-1. — Preflight  Anmial  Physical  Examination  Summaries 


Crewman 

Age 

(yt) 

Height 

(m) 

Weight 

(kg) 

Vital  capacity 
(liters,  BTPS) 

Residual  volume 
(liters,  BTPS) 

FEVi 

(liters,  BTPS) 

MMFR 

25-75% 

(liters/sec,  BTPS) 

Skylab  2 

Commander 

43 

1.7 

62 

4.77±0.21 

2.18  ±0.42 

3.71  ±0.14 

3.27  ±0.32 

Scientist  Pilot 

41 

1.83 

77 

^6.95 

^2.66 

^5.07 

M.06 

Pilot 

41 

1.78 

80 

5.31  ±0.09 

2.10  ±0.24 

3.94  ±0.14 

3.05±0.11 

Skylab  8 

Commander 

41 

1.75 

69 

5.03  ±0.06 

2.12±0.25 

4.16±0.05 

4.34  ±0.33 

Scientist  Pilot 

42 

1.75 

62 

4.04  ±0.13 

1.54  ±0.22 

3.27±0.04 

3.07  ±0.34 

Pilot 

37 

1.83 

89 

6.95  ±0.10 

2.02  ±0.15 

5.21  ±0.18 

4.33  ±0.75 

Skylab  U 

Commander 

41 

1.75 

68 

6.05  ±0.21 

1.95±0.32 

4.65  ±0.18 

4.17  ±0.25 

Scientist  Pilot 

37 

1.75 

71 

6.26  ±0.08 

1.77  ±0.01 

4.78  ±0.06 

3.93  ±0.25 

Pilot 

43 

1.75 

68 

^6.30 

n.99 

5.30  ±0.35 

7.43  ±0.22 

All  values  are  mean  +SD  with  the  exception  of  those  with  one  test  only  (^).  Most  values  are  from  annual  examinations  on  the  preceding  4 years. 


BTPS,  Body  temperature  and  pressure,  saturated  with  water  vapor. 
FEVi,  Forced  expiratory  volume  in  one  second. 

MMFR,  Maximum  midexpiratory  flow  rate. 


Table  37-11. — Skylab  2 Postfiight  Forced,  Vital  Capacities 


FVC  (liters,  BTPS) 

FEV 

t (liters,  BTPS) 

Crewman 

Preflight 

Postflight 

Preflight 

Postflight 

F-5 

R+O  R+1 

F-5 

R + O R+1 

Commander 

4.95 

4.74 

4.88 

3.56 

3.57 

2.51 

Scientist  Pilot 

7.0 

NA 

NA 

5.02 

NA 

NA 

Pilot 

5.28 

5.41 

5.35 

4.03 

3.89 

4.22 

FVC,  forced  vital  capacity. 

FEVi,  Forced  expiratory  volume  in  one  second. 

F— , Preflight  days  to  launch. 

R+,  Postflight  days  after  recovery. 

NA.  Not  applicable. 

BTPS,  Body  temperature  and  pressure,  saturated  with  water  vapor. 


urements  are  shown  in  table  37-III.  The  Com- 
mander showed  no  changes  except  a slight  increase 
in  vital  capacity  5 days  post  recovery.  Vital  ca- 
pacity of  the  Scientist  Pilot  was  slightly  higher 


in-flight  but  normal  postflight  relative  to  preflight 
values.  The  Pilot  exhibited  decreased  vital  capac- 
ity in-flight  but  normal  vital  capacity  postflight 
relative  to  preflight. 
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Table  37-III. — Skylab  3 Vital  Capacities 


Vital  capacity  (liters,  BTPS) 


Crewman 


PreflighV- 


In-flight 

Postfligkt 

MDi5-i7‘  MD50-52  MD58 

R+l  R+2  R+i  R+S 

Commander  5.03  ± 0.06  SD  5.07  4.96  4.87  4.95  5.16  5.30 

Scientist  Pilot  4.04  ±0.13  SD  4.24  4.36  3.92  4.11  4.19 

Pilot  6.95  ± 0.10  SD  6.10  6.35  6.17  6.91  6.90  6.94  7.01 


^ Data  from  table  37-1. 

® MD,  Mission  Day. 

BTPS,  Body  temperature  and  pressure,  saturated  with  water  vapor. 
SD,  Standard  deviation. 


Skylab  U Vital  Capacity  Determinations. — Vital 
capacity  data  for  the  Commander,  Scientist  Pilot, 
and  Pilot  are  shown  in  figure  37-2.  Vital  capac- 
ities were  generally  observed  to  be  lower  in-flight 
relative  to  preflight.  Vital  capacity  for  the  Com- 
mander remained  below  preflight  for  the  entire 
in-flight  period.  All  data  presented  in  figure  37-2 
were  obtained  using  experiment  M171  metabolic 
analyzers. 

Skylab  4 Pulmonary  Function  Screening  Tests. 
— Nitrogen  washout  curves  showed  no  indications 
of  trapping.  All  washout  curves  appeared  to  re- 
flect the  anticipated  two  time  constants  repre- 
senting washout  of  pulmonary  and  total  body 
nitrogen  spaces. 

The  Commander  had  a pronounced  vasovagal 
response  following  maximal  oxygen  inspiration 
during  the  first  closing  volume  determination  on 
recovery  day  and  further  testing  was  curtailed 
until  the  next  day.  A hardware  failure  resulted 
in  loss  of  residual  volume  measurement  for  the 
Commander  on  the  first  day  following  recovery. 
All  other  measurements  on  the  first  day  following 
recovery,  and  all  measurements  on  days  2 and  5 
postflight  were  within  normal  ranges.  The  com- 
posite results  for  Skylab  pulmonary  function 
screening  tests  are  presented  in  table  37-IV. 

Residual  volume  in  the  Scientist  Pilot  was 
slightly  increased  immediately  following  recovery 
and  on  day  2 compared  to  preflight.  Residual 
volume/total  lung  capacity  percent  indicated  that 
these  changes  were  probably  insignificant.  Ven- 
tilatory equivalents  were  variable  and  reflected 
the  Scientist  Pilot’s  irregular  respiratory  pattern 
during  washouts. 


Although  vital  capacity  for  the  Pilot  was  slightly 
decreased  on  the  second  day  following  recovery 
relative  to  preflight,  forced  vital  capacity  was  nor- 
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LEGEND: 

Preflight  mean  is  a composite  of 
available  vital  capacity 
measurements  for  each  crewman 
prior  to  mission. 

BTPS  = Body  temperature  and  pressure, 
saturated 
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Figure  37-2. — Skylab  4 vital  capacity  data. 
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Table  37— IV. — Pulmonary  Function  Screening  (Sky lab  k)  ^ 


Measured  Parameter 

Commander 

Scientist  Pilot 

Pilot 

F-10  R + O 

R-\- 1 

R + 2 

72  + 5 

F-10 

R + O 

i 

R+2 

R+5 

F-10  R + O 

R-¥2 

R-¥5 

VC  (liters) 

5.83 

5.94 

5.72 

5.82 

5.94 

6.11 

6.16 

6.00 

6.16 

6.26 

6.49 

6.38 

6.38 

6.05 

6.64 

RV  (liters) 

1.40 

1.53 

1.31 

1.43 

1.53 

2.18 

1.27 

2.43 

1.65 

2.20 

1.67 

2.00 

2.20 

1.53 

TLC  (liters) 

7.23 

7.47 

7.13 

7.37 

7.64 

8.28 

7.27 

8.59 

7.92 

8.69 

8.05 

8.38 

8.24 

8.17 

RV/TLC  (%) 

20 

21 

18 

19 

20 

26 

18 

28 

21 

26 

21 

24 

27 

19 

TV  (liters/breath) 

1.07 

1.20 

1.00 

1.15 

0.92 

2.48 

2.83 

1.87 

1.48 

2.23 

0.92 

0.94 

0.82 

0.80 

Va/RV 

30 

23 

33 

16 

48 

28 

48 

27 

16 

23 

21 

17 

18 

16 

FVC  (liters) 

5.61 

5.56 

5.71 

6.05 

5.83 

5.77 

5.39 

5.88 

6.21 

6.22 

6.22 

5.72 

6.27 

6.32 

FVC/VC  (%) 

99 

97 

98 

102 

96 

94 

90 

96 

99 

96 

97 

90 

104 

95 

FEVi  (liters/sec) 

4.62 

4.29 

4.59 

4.70 

4.35 

4.61 

4.24 

4.37 

4.54 

5.50 

5.50 

5.39 

5.49 

5.29 

MMFR25-75  (1/sec) 

4.32 

4.30 

4.39 

4.14 

3.17 

5.15 

3.69 

3.43 

3.65 

6.61 

7.06 

7.73 

6.82 

5.10 

MET  (sec) 

0.65 

0.64 

0.65 

0.73 

0.92 

0.56 

0.73 

0.86 

0.85 

0.47 

0.44 

0.37 

0.46 

0.62 

MEFR  (liters/sec) 

12.4 

12.0 

12.4 

12.3 

10.5 

11.0 

10.5 

10.9 

10.8 

11.6 

11.6 

11.0 

12.2 

11.4 

V (60%  TLC)  (1/sec) 

4.74 

3.88 

4.61 

5.50 

3.70 

4.74 

3.67 

3.73 

4.87 

7.76 

7.55 

7.33 

7.46 

5.72 

CV  (liters) 

0.80 

0.88 

0.83 

0.56 

0.76 

1.02 

0.99 

0.99 

0.49 

0.81 

0.72 

0.89 

0.50 

0.45 

0.59 

CC  (liters) 

2.20 

2.41 

1.87 

2.18 

2.55 

3.18 

2.26 

2.92 

2.46 

2.91 

2.56 

3.43 

2.64 

2.12 

CV/VC  (%) 

14 

15 

16 

10 

13 

17 

16 

17 

8 

13 

11 

14 

8 

7 

9 

CC/TLC  (%) 

30 

32 

28 

30 

33 

38 

31 

34 

31 

34 

32 

32 

33 

25 

1 A summary  of  measured  and  derived  values  obtained  10  days  preflight  (F-10),  immediately  following  recovery  (R+0),  1 day  (R+1),  2 days  (R+2) 
and  6 days  (R+5)  following  recovery. 

All  volume  and  flow  measurements  are  reported  at  BTPS  conditions. 


VC,  Vital  capacity. 

RV,  Residual  volume. 

TLC,  Total  lung  capacity. 

Va/RV,  Ventilatory  equivalent. 

FVC,  Forced  vital  capacity. 

FEVi,  Forced  expiratory  volume  in  1 second. 


MMFR,  Maximum  midexpiratory  flow  rate. 
METT,  Midexpiratory  time. 

MEFR,  Maximumexpiratory  flow  rate. 

CV,  Closing  volume. 

CC,  Closing  capacity. 


CDR,  Commander. 
SPT,  Scientist  Pilot. 
PLT,  Pilot, 


mal.  Maximum  midexpiratory  flow  rate  (between 
25  percent  and  75  percent  of  the  forced  vital  capac- 
ity) values  for  the  Pilot  are  the  highest  recorded 
in  our  laboratory  for  any  individual. 

Skylab  4 provided  the  first  opportunity  for  ex- 
tensive, noninvasive  pulmonary  function  screen- 
ing on  astronauts  before  and  following  an 
extended  zero-g  exposure.  No  physiologically  sig- 
nificant quantitative  decrement  in  pulmonary 
function  was  shown  by  any  crewman  during  exam- 
inations following  this  84-day  Earth-orbital  mis- 
sion. 

Postflight  chest  films  for  all  crewmen  were  com- 
pared to  preflight  films  to  detect  changes,  if  any, 
in  the  pulmonary  vessels,  parenchyma,  or  heart 
size.  No  significant  pulmonary  vasculature  or  par- 
enchymal changes  were  observed  in  any  instance. 

Vital  capacity,  the  only  parameter  measured 
preflight,  in-flight,  and  postflight,  showed  in-flight 


decreases  approaching  10  percent  in  the  case  of 
the  Skylab  3 Pilot  and  for  the  Commander,  Sci- 
entist Pilot,  and  Pilot  on  Skylab  4 (table  37-III 
and  figure  37-2).  These  decreases  in  vital  capac- 
ity apparently  resulted  from  one  or  a combination 
of  the  following  factors: 

Cephalad  shift  of  the  diaphragm  in  zero-g ; 

Body  fluid  redistribution  into  the  thoracic 
cavity ; 
or 

A direct  result  of  decreased  ambient  pressure. 

Foley  and  Tomashefski  (ref.  “2)  showed  a de- 
crease in  flow  rate  with  no  significant  decrease  in 
forced  vital  capacity  when  performed  during  the 
zero-g  portion  of  Keplerian  maneuvers  in  KC-135 
aircraft.  Ulvedal  et  al.  (ref.  6)  showed  forced  vital 
capacity  to  be  reduced  3 to  8 percent  by  exposure 
to  equivalent  18  to  33  500  foot  altitudes  without 
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concomitant  hypoxia.  Robertson  and  McRae  (ref. 
4)  similarly  observed  a 4 percent  decrease  in 
forced  vital  capacity  in  subjects  exposed  to  a 34.5 
kPa  (5  psia),  oxygen-helium  gaseous  environment 
with  inspired  oxygen  partial  pressure  of  23.3  kPa 
(175  mm  Hg)  for  a period  of  56  days.  Vital  capac- 
ities returned  to  normal  upon  chamber  descent  to 
near  sea  level  ambient  pressure.  Vital  capacities 
were  measured  during  Skylab  Medical  Experi- 
ments Altitude  Test  (SMEAT)  (ref.  5) , a ground- 
based  56-day  simulated  Skylab  mission  in  which 
the  environment  was  comparable  to  Skylab  with 
the  important  exception  of  the  presence  of  Earth’s 
gravity.  A standard  vitalometer  was  used  for  both 
the  pre-altitude  and  the  34.5  kPa  (5  psia)  meas- 
urements. Mean  vital  capacity  values  for  the 
SMEAT  Commander,  Scientist  Pilot,  and  Pilot 
were  decreased  by  4.5,  2.9,  and  4.9  percent,  re- 
spectively, during  this  56-day  exposure  to  baro- 
metric pressure  equivalent  to  27  000  foot  altitude 
without  hypoxia.  Post-SMEAT,  vital  capacities  re- 
turned to  baseline  values.  Our  in-flight  Skylab 
data  are  in  general  agreement  with  all  reported 
studies  (refs.  4,  5,  6). 


Conclusions 

In  summary,  the  vital  capacity  changes  observed 
in-flight  may  be  partially  explained  as  a response 
to  34.5  kPa  (5  psia)  ambient  pressure.  However, 
the  proportion  of  vital  capacity  decreases  directly 
attributable  to  other  factors  such  as  body  fluid 
shifts  and  a cephalad  shift  of  the  diaphragm  can- 
not be  determined  from  the  present  data.  Regard- 
less of  the  cause  (s)  of  decreased  in-flight  vital 
capacities,  a review  of  postflight  data  shows  that 
these  changes  revert  to  normal  within  2 hours  fol- 
lowing recovery  without  significant  impact  on 
crew  health  status. 

Further  in-flight  comprehensive  pulmonary 
function  testing  will  be  necessary  during  future 
manned  missions  in  order  to  substantiate  observed 
decreases  in  vital  capacity  and  increase  our  knowl- 
edge concerning  the  physiological  effects  of  the 
weightless  state  upon  the  human  body.  The  Space 
Shuttle  will  have  a sea  level  equivalent  atmos- 
phere. Therefore,  it  will  provide  the  first  oppor- 
tunity to  evaluate  pulmonary  function  where  the 
primary  environmental  change  will  be  the  weight- 
less state  (zero-g). 
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Metabolic  Cost  of  Extravehicular  Activities 


James  M.  Waligora  ® and  David  J.  Horrigan,  Jr.“ 


The  prospect  of  pressure  suit  operations  out- 
side of  space  vehicles  and  on  the  lunar  sur- 
face was  the  source  of  much  speculation  prior  to 
Gemini.  Prediction  varied  from  the  prospect  of 
almost  effortless  activity  to  the  fear  that  without 
the  stabilization  provided  by  Earth  gravity  useful 
activity  would  be  very  difficult.  The  Skylab  zero-g 
extravehicular  activity  data  is  of  particular  in- 
terest when  it  is  considered  in  combination  with 
the  Apollo  and  Gemini  data.  This  paper  covers 
the  energy  cost  of  extravehicular  activity  from 
Gemini  through  Skylab. 

Gemini 

A summary  of  the  Gemini  extravehicular  activ- 
ities, their  length,  the  difficulties  experienced  by 
the  crewmen,  and  the  average  and  peak  heart 
rates,  is  presented  in  table  38-1.  There  was  no 
attempt  to  measure  metabolic  rates.  It  was  ap- 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


parent  that  on  several  occasions,  the  metabolic 
rates  were  above  the  capacity  of  the  life  support 
systems,  both  for  thermal  control  and  carbon 
dioxide  washout. 

The  energy  cost  of  extravehicular  activities  is 
dependent  to  a large  extent  on  the  pressure  suit 
and  life  support  system.  The  Gemini  pressure  suit 
had  a fixed  resting  position  and  had  minimum  mo- 
bility for  extravehicular  activity.  Considerable 
energy  was  expended  working  against  the  suit. 
The  heat  removal  capacity  of  the  life  support  sys- 
tem was  limited  physically  to  about  225  kcal/h  in 
Gemini  4.  The  gas  cooling  life  support  system 
used  on  the  later  Gemini  units  had  an  increased 
physical  capacity,  but  at  acceptable  body  tempera- 
tures the  system  was  limited  to  about  250  kcal/h. 
The  emphasis  in  the  earlier  Gemini  extravehicular 
activities  was  in  the  use  and  evaluation  of  propul- 
sive maneuvering  units.  Beginning  with  Gemini 
12  increased  emphasis  was  placed  on  extravehicu- 
lar activity  technology  and  improved  restraint 
systems.  In  summary,  the  Gemini  Program  indi- 


Table  38-1. — Gemini  Extravehicular  Activity  Experience 


5 Gemini  extravehicular  activity  missions — 6 hours  total  extravehicular  activity  time 

Heart  rates 

(beats  per  minute ) 

Duration 

Flight 

Experience 

(hours) 

X 

Peak 

Gemini  4 

Overheating  during  hatch  closing — objectives  completed. 

0.60 

155 

175 

Gemini  9 

Visor  fogging — hot  at  ingress — objectives  not  completed. 

2.11 

155 

180 

Gemini  10 

No  problem  with  heat  or  work  rate — objectives  completed. 

0.65 

125 

165 

Gemini  11 

Exhausting  work — no  specific  mention  of  heat — objectives  not  completed. 

0.55 

140 

170 

Gemini  12 

Good  restraints — no  problems — objectives  completed. 

2.10 

110 

155"  130 

^ Voicing  a message  to  Houston. 

Metabolic  rates — not  determined  but  in  excess  of  life  support  system  capability  at  times. 
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cated  that  extravehicular  activities  could  be  much 
more  difficult  and  physically  taxing  than  had  been 
anticipated  and  that  more  emphasis  should  be 
placed  in  crew  training  and  restraint  technology. 

Apollo 

The  lunar  portion  of  the  Apollo  Program  pre- 
sented entirely  different  extravehicular  activity 
problems,  i.e.,  and  an  unknown  terrain.  The 
effect  of  Ye-g  on  the  cost  of  work  in  a pressure  suit 
had  been  investigated  by  several  researchers  using 
%-g  simulators  (refs.  1,  2,  3).  Indications  were 
that  the  cost  of  walking  would  be  reduced  while 
the  cost  of  other  activities  would  be  increased; 
however,  the  results  and  conclusions  were  by  no 
means  uniform.  An  additional  factor  of  uncer- 
tainty was  the  terrain  and  surface  composition  of 
the  Moon  and  its  effect  on  the  metabolic  cost  of 
walking.  In  response  to  these  uncertainties,  con- 
servative biomedical  estimates  of  the  life  support 
requirements  were  defined  based  on  the  available 
data,  and  methods  to  measure  metabolic  rate  dur- 
ing the  extravehicular  activities  were  developed 
utilizing  operational  data  from  the  life  support 
system  and  bioinstrumentation. 

To  handle  high  workloads  during  Apollo  extra- 
vehicular activities  and  the  resulting  high  heat 
production  in  the  suit,  a liquid  cooling  system  was 
used.  The  liquid-cooled  garment  used  in  this  sys- 
tem could  suppress  sweating  at  work  rates  up  to 
400  kcal/h  and  allow  sustained  operations  at  rates 
as  high  as  500  kcal/h  without  thermal  stress. 

Real-time  estimates  of  metabolic  rate  were  made 
during  the  lunar  surface  extravehicular  activities 
using  three  parameters:  oxygen  bottle  pressure, 
the  heat  removal  by  the  liquid-cooled  garment,  and 
heart  rate.  The  noise  experienced  in  the  teleme- 
tered oxygen-bottle-pressure  data  made  it  difficult 
to  obtain  reliable  oxygen  utilization  rates  for  time 
periods  of  less  than  30  minutes,  particularly  at 
low  metabolic  rates.  The  oxygen  utilization  rates 
included  the  suit  leakage  which  had  to  be  esti- 
mated. The  maximum  leakage  rate  of  oxygen  al- 
lowed by  the  pressure  suit  specification  was 
equivalent  to  a metabolic  rate  of  approximately  50 
kcal/h. 

Because  of  the  limitations  of  the  oxygen-bottle- 
pressure  method,  correlation  of  liquid-cooled  gar- 
ment data  to  metabolic  rate  was  also  used  during 
the  mission.  Using  a thermoregulatory  mathe- 


matical model  and  empirical  data  on  the  liquid- 
cooled  garment,  a relationship  was  defined  between 
liquid-cooled  garment  heat  removal  and  metabolic 
rate  for  each  liquid-cooled  garment  inlet  tempera- 
ture. This  method  was  verified  with  test  data  ob- 
tained during  altitude  chamber  training. 

Correlations  between  heart  rate  and  metabolic 
rate  were  obtained  for  each  individual  from  a series 
of  preflight  exercise  response  tests  on  the  ergom- 
eter.  The  heart  rate  method  was  used  only  as  a 
relative  measurement  because  of  its  known  sensi- 
tivity to  psychological  and  environmental  factors. 
The  heart  rate  method,  however,  when  related  to 
total  energy  expenditure  as  determined  by  oxygen 
and  liquid-cooled  gannent  methods,  permitted  an 
estimate  of  the  cost  of  specific  activities  on  a 
minute-by-minute  basis. 

The  average  metabolic  rates  experienced  during 
these  extravehicular  activities,  as  shown  in  table 
38-11,  were  lower  than  had  been  predicted  prior 
to  Apollo,  and  the  crewmen  were  able  to  move 
easily  and  confidently  on  the  lunar  surface.  Within 
the  operational  classification  of  activities  the  most 
energy  consuming  were  those  classified  as  over- 
head. These  activities  included  egress,  offloading 
and  setup  of  equipment  around  the  lunar  module 
vehicle,  and  ingress  and  stowage  of  lunar  sam- 
ples. The  highest  metabolic  rates  experienced 
during  the  performance  of  discrete  activities  (350- 
450  kcal/h)  were  associated  with  steep  uphill 
walking  traverses,  transporting  of  the  Apollo 
Lunar  Scientific  Experiment  Package  pallet,  in- 
gressing  the  lunar  module  with  lunar  samples, 
drilling,  and  removing  of  drill  bits.  The  Apollo 
Lunar  Scientific  Experiment  Package  deployment 
and  geologic  survey  activities  resulted  in  lower 
metabolic  rates  than  the  overhead  activity.  These 
activities  as  a group  were  less  predictable  and  re- 
quired more  time  for  judgment  and  in  some  cases 
for  precise  manual  manipulation.  The  lowest  meta- 
bolic rates  and  the  most  clearly  defined  operation 
activity  was  observed  while  riding  the  Lunar 
Rover.  The  metabolic  rates  for  this  activity  ap- 
proached rates  reported  for  shirtsleeve  riding  in 
an  automobile. 

The  highest  average  rate  of  300  kcal/h  was  ex- 
perienced by  the  Lunar  Module  Pilot  on  Apollo  11. 
This  crewman  had  been  assigned  to  the  task  of 
evaluating  modes  of  locomotion  during  what  was 
the  shortest  extravehicular  activity,  and  he  was 
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Table  38—11. — Apollo  L/tmar  Surface  Extravehicular  Activities  (kcal/h) 


Flight 

EVA 

Crewman 

Scientific 

package 

deployment 

Geological 

station 

activity 

Overhead 

Lunar 

rover 

vehicle 

operations 

All 

activities 

EVA 

duration 

(hours) 

Apollo  11 

1 

Armstrong 

195 

244 

214 

227 

Aldrin 

302 

351 

303 

302 

2.43 

Apollo  12 

1 

Conrad 

206 

243 

294 

246 

Bean 

240 

245 

267 

252 

3.90 

2 

Conrad 

218 

215 

221 

Bean 

253 

248 

252 

3.78 

Apollo  14 

1 

Shepard 

182 

294 

220 

202 

Mitchell 

226 

174 

259 

234 

4.80 

2 

Shepard 

118 

238 

214 

229 

Mitchell 

203 

267 

213 

252 

3.58 

Apollo  15 

1 

Scott 

282 

275 

338 

152 

276 

Irwin 

327 

186 

293 

104 

246 

6.53 

2 

Scott 

243 

293 

287 

149 

253 

Irwin 

265 

189 

266 

99 

204 

7.22 

3 

Scott 

261 

242 

311 

138 

260 

Irwin 

230 

188 

234 

107 

204 

4.83 

Apollo  16 

1 

Young 

207 

216 

273 

173 

220 

Duke 

258 

268 

275 

159 

255 

7.18 

2 

Young 

223 

249 

112 

198 

Duke 

244 

236 

105 

208 

7.38 

3 

Young 

231 

235 

124 

205 

Duke 

242 

264 

103 

208 

5.67 

Apollo  17 

1 

Cernan 

285 

261 

302 

121 

275 

Schmitt 

278 

300 

285 

113 

272 

7.20 

2 

Cernan 

261 

302 

121 

207 

Schmitt 

300 

285 

113 

210 

7.62 

3 

Cernan 

261 

302 

121 

234 

Schmitt 

300 

285 

113 

237 

7.25 

Average 

244 

244 

270 

123 

234 

Total  Time  (hours) 

28.18 

52.47 

52.82 

25.28 

158.74 

quite  active  in  performing  this  task.  Several  crew- 
men experienced  the  minimum  average  metabolic 
rates  of  approximately  200  kcal/h  on  different 
missions. 

Particular  efforts  were  made  to  relate  walking 
speed  to  metabolic  rate  during  Apollo  14  which 
included  the  most  extensive  walking  traverses.  The 
data  are  presented  in  figure  33-1. 

The  data  exhibited  a very  poor  correlation  be- 
tween traverse  rate  and  metabolic  rate.  During 
these  operational  traverses  it  appeared  that  the 
crewman  maintained  a comfortable  walking  effort 
and  to  a large  extent  the  rate  of  travel  at  this 
level  of  effort  varied  with  the  terrain  and  the  re- 
quirements of  each  traverse.  The  average  speed 
for  the  2.9  kilometers  covered  was  2.4  km/h  at  a 
metabolic  rate  of  300  kcal/h.  The  speed  and  effi- 
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ciency  of  lunar  walking  were  both  greater  than 
could  be  achieved  wearing  a pressure  suit  at  one-g 
while  neither  speed  nor  efficiency  was  the  equiva- 
lent of  shirtsleeve  operation  at  one-g. 

A time  and  motion  study  (refs.  4,  5)  was  carried 
out  on  Apollo  15  and  16  utilizing  operation  motion 
picture  film  and  kinescope.  This  study  compared 
the  facility  and  energy  cost  of  performing  several 
specific  activities  at  one-g  during  suited  training 
and  at  %-g  on  the  lunar  surface.  One  of  the  ob- 
servations of  this  study  was  that  manipulative 
tasks  were  completed  more  rapidly  at  one-g  than 
at  %-g,  but  at  greater  metabolic  cost. 

In  addition  to  the  14  lunar  surface  extravehicu- 
lar activities,  there  were  4 zero-g  extravehicular 
activities.  The  first  was  a standup  extravehicular 
activity  on  Apollo  9 utilizing  a portable  life  sup- 
port system  and  on  this  extravehicular  activity  we 
have  data  (table  38-III)  similar  to  that  obtained 
during  the  lunar  surface  extravehicular  activities. 
During  the  Command  Module  extravehicular  ac- 


tivities of  Apollo  15,  16,  and  17  the  only  data 
available  were  the  heart  rates.  The  metabolic 
rates  estimated  from  heart  rate  were  not  used  to 
constrain  these  extravehicular  activities  and  it  ap- 
pears that  in  some  cases  the  heart  rates  were  ele- 
vated due  to  psychogenic  causes. 

Skylab 

Despite  the  large  quantity  of  %-g  extravehicular 
activity  data  collected  during  Apollo  when  the 
Skylab  Program  began,  the  experience  with  zero-g 
was  limited  to  6 hours  of  Gemini  experience  during 
which  considerable  difficulty  was  encountered  and 
4 hours  of  Apollo  Command  Module  extravehicular 
activity  consisting  of  a standup  extravehicular 
activity  and  three  repetitions  of  a comparatively 
simple  film  retrieval  task.  The  original  extrave- 
hicular activities  planned  for  Skylab  were  six  3-  to 
4-hour  extravehicular  activities  primarily  to  re- 
place film  in  the  ATM  cameras.  The  umbilical  life 
support  system  of  Skylab  had  a heat  removal  ca- 


Table  38-III. — Apollo  Zero-g  Extravehicular  Activities 


Flight 

Crewman 

Metabolic  rate 
(kcal/h) 

Duration-hours 

Apollo  9 

Schewickart 

151 

0.98 

Apollo  15 

Worden 

<237 

0.66 

Irwin ' 

<117 

0.66 

Apollo  16 

Mattingly 

<504 

1.41 

Duke' 

not  measured 

1.41 

Apollo  17 

Evans 

<302 

1.11 

Schmitt  * 

<143 

1.11 

Total  Time  (hours) 

7.38 

1 Standup  extravehicular  activities. 


Table  38-1 V. — Metabolic  Rates  during  Skylab  Extravehicular  Activities 


Mission 

Duration 

(hours) 

Metabolic  rate  (kcal/h) 
CDR.  PLT.  SPT. 

Skylab  2 

EVA-1  (Gas  cooling  only) 

0.61 

330 

260 

EVA-2 

3.38 

315 

265 

EVA-3 

1.56 

280 

Skylab  3 

EVA-1 

6.51 

265 

240 

EVA-2 

4.51 

310 

250 

EVA-3  (Gas  cooling  only) 

2.68 

225 

180 

Skylab  4 

EVA-1 

6.56 

230 

250 

EVA-2 

6.90 

155 

205 

EVA-3 

3.46 

145 

220 

EVA-4 

5.31 

220 

185 

Total  Time 

83.6 

X 

230  kcal/h 

METABOLIC  COST  OF  EXTRAVEHICULAR  ACTIVITIES 
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pability  equivalent  to  the  Apollo  portable  life  sup- 
port system.  The  metabolic  rate  data  were  limited 
to  the  liquid-cooled  garment  data  and  the  heart 
rate  data  because  of  the  different  life  support 
system.  The  correlation  of  heart  rate  and  meta- 
bolic rate  was  based  on  the  most  recent  in-flight 
experiment  M171  bicycle  ergometer  test.  The  Sky- 
lab  data  are  presented  in  table  38-IV. 

The  first  set  of  Skylab  extravehicular  activities 
was  to  deploy  the  solar  panels.  After  success  was 
achieved,  and  a considerable  capability  to  perform 
work  in  zero-g  was  demonstrated,  the  number  of 
extravehicular  activities  was  increased  to  10  and 
the  duration  of  these  extravehicular  activities  was 
lengthened.  These  additions  included  the  deploy- 
ment of  the  solar  panels,  erection  of  a solar  canopy, 
repair  of  an  Earth  Resource  antenna,  replacement 
of  a gyro  six-pack,  and  other  vehicle  and  experi- 
ment repairs.  An  additional  extravehicular  activity 
was  done  to  make  observations  on  the  Comet  Ko- 
houtek.  Because  of  problems  with  one  of  the  ve- 
hicle coolant  loops  all  three  crewmen  operated 
from  a single  coolant  supply  but  the  comfort  cool- 
ing capacity  at  the  loops  remained  at  about  400 
kcal/h  steady-state.  No  problems  were  experi- 
enced from  overheating.  Because  of  the  problem 
with  the  vehicle  coolant  system,  the  last  extra- 
vehicular activity  on  Skylab  3 was  conducted  with 
gas  cooling  only.  It  was  of  limited  scope  and  dura- 
tion and  no  problems  were  experienced. 


The  metabolic  rates  were  similar  to  those  on  the 
Apollo  %-g  extravehicular  activities.  The  highest 
metabolic  rate,  500  kcal/h,  was  reached  while  the 
Commander  on  Skylab  2 was  trying  to  cut  a strap 
that  was  keeping  the  solar  panels  from  deploy- 
ment. The  lowest  rates  were  resting  rates  and 
these  were  reached  several  times  during  the  extra- 
vehicular activities,  particularly  at  the  times  when 
there  was  not  enough  light  to  continue  an  ongoing 
activity  during  a night  pass.  Crew  comments  dur- 
ing extravehicular  activities  indicated  that  it  was 
easier  to  maneuver  themselves  and  their  equip- 
ment in  zero-g  than  in  water  tank  simulations,  but 
that  adequate  restraints  were  more  important. 

Conclusions 

With  adequate  life  support  equipment  and  ade- 
quate restraints  the  capability  was  demonstrated 
to  perform  varied  and  extensive  extravehicular 
activity  tasks  both  in  zero-g  and  %-g  with  con- 
siderable real-time  flexibility. 

The  capability  to  work  at  relatively  high  levels, 
up  to  500  kcal/h,  when  required  was  demonstrated 
without  physiologic  problems  provided  the  life 
support  capability  is  adequate. 

The  average  energy  cost  of  long  extravehicular 
activities  was  remarkably  consistent  at  about  200 
to  250  kcal/h,  and  appears  to  be  a function  of  the 
crew  pacing  its  activity  rather  than  to  the  effort 
involved  in  performing  individual  tasks. 
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CHAPTER  39 

Determination  of  Cardiac  Size  From  Chest 
Roentgenograms  Following  Skylab  Missions 

Arnauld  E.  Nicogossian,®  G.  Wyckliffe  Hoffler,®  Robert  L.  Johnson,® 
AND  Richard  J.  Gowen  » 


Determination  of  size  is  a major  factor  in  the 
clinical  evaluation  of  the  healthy  or  failing 
heart.  Knowledge  of  heart  size  assists  the  inter- 
pretation of  both  electrocardiographic  and  hemo- 
dynamic information.  The  evaluation  of  changes 
in  cardiac  size  has  been  important  in  the  overall 
cardiovascular  assessment  of  orthostatic  intoler- 
ance observed  among  the  majority  of  astronauts 
following  space  missions. 

Decreased  cardiothoracic  transverse  diameter 
ratios  following  Mercury,  Gemini,  and  ApOllo 
flights  have  been  reported  earlier  from  our  labor- 
atory (refs.  1,  2).  More  recently  similar  data  fol- 
lowing space  missions  of  longer  duration  have 
been  presented  (ref.  3).  The  majority  of  crew- 
members who  exhibited  postflight  decreases  in  the 
cardiac  silhouette  size  also  showed  a decreased 
orthostatic  tolerance  to  lower  body  negative  pres- 
sure. Similar  findings  were  also  reported  by  the 
Soviet  investigators  following  30-day  bedrest 
studies  (ref.  4)  and  in  cosmonauts  upon  return 
from  space  missions.  This  paper  presents  further 
radiological  data  from  all  three  Skylab  manned 
missions  and  discusses  the  physiological  factors 
possibly  involved  in  the  cardiac  silhouette 
changes. 

Methods  and  Materials 

Standard  posteroanterior  chest  films  were  ob- 
tained before  and  as  soon  as  possible  after  flight 
on  each  of  the  Skylab  astronauts  following  ex- 

•NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

U.S.A.F.  Academy,  Colorado  Springs,  Colorado. 


tended  space  flights  of  different  durations : 28,  59, 
and  84  days.  All  X-ray  exposures  were  150  milli- 
seconds in  duration.  Systolic  and  diastolic  ex- 
posures were  triggered  electronically  from  the 
electrocardiographic  R-wave  peak  by  a special  de- 
vice interposed  with  the  X-ray  equipment  control. 
The  electronic  trigger  device  delayed  the  roent- 
genographic  exposures  from  the  R-wave  peak  ac- 
according  to  the  instantaneous  heart  rate  (the 
preceding  RR  interval).  For  systole  the  delays 
were  175  to  325  milliseconds,  corresponding  to 
heart  rates  ranging  from  140  to  40  beats  per  min- 
ute, and  for  diastole  385  to  1165  milliseconds  for 
heart  rates  ranging  from  140  to  44  beats  per  min- 
ute. 

Postflight  chest  X-rays  were  visually  compared 
with  the  preflight  films  for  possible  changes  which 
might  have  occurred  in  pulmonary  vasculature, 
lung  parenchyma,  bony  or  soft  tissue  structures. 
One  or  two  additional  postflight  films  were  taken 
several  days  following  splashdown  to  assess 
trends.  While  many  of  the  film  pairs  showed 
readily  apparent  postflight  decreases  in  heart  size 
(fig.  39-1),  several  measures  have  been  adopted 
to  determine  this  change  quantitatively. 

Figure  39-2  shows  the  geometry  utilized  in 
determining  thoracic  and  cardiac  areas.  The  tho- 
racic cage  area  was  obtained  by  a modified  method 
as  described  by  Barnhard  et.  al.  (ref.  5)  and  by 
Loyd  et.  al.  (ref.  6) . After  the  inner  border  of  the 
ribs  was  outlined,  the  thoracic  center  was  deter- 
mined by  drawing  the  line  X-Y  along  the  verte- 
bral column.  Next,  perpendicular  lines  to  X-Y 
were  drawn  at  2.5,  5.0,  and  15.0  centimeters  from 
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Figure  39-1. — Systolic  chest  X-ray  of  the  Skylab  4 Scientist  Pilot.  (Preflight  and  on 

the  day  of  recovery.) 


the  first  thoracic  intervertebral  space  at  point  of 
origin  “a”  thus  creating  three  upper  polygonal 
segments.  A horizontal  line  k-m  drawn  halfway 
between  the  level  of  the  apices  of  the  right  and 
left  hemidiaphragms  delineated  the  lower  border 
of  the  fourth  segment.  The  last  segment  was  de- 
limited by  a horizontal  line  n-p  drawn  at  mid- 
distance between  the  two  costophrenic  angles; 
actual  area  of  this  segment  was  modified  by  cir- 
cular deductions  for  infra  diaphragm  space.  The 
total  thoracic  area  was  summed  from  the  com- 
puted area  of  each  of  the  above  five  segments. 

To  obtain  uniform  evaluation  of  the  cardiac 
area,  the  heart  silhouette  was  outlined  in  the  fol- 
lowing manner. 

The  lower  border  of  the  heart  was  defined  as 
the  line  D-B  between  the  intersections  of  the 
right  and  left  cardiac  borders  and  the  respec- 
tive hemidiaphragms ; 

The  right  cardiac  border  A-D  followed  the 
right  atrium  and  superior  vena  cava ; 


Figure  39—2. — Geometry'  utilized  in  cardiolhoracic  meas- 
urements. 
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The  left  cardiac  border  C-B  was  completed  by 
drawing  a regression  line  of  the  left  heart 
border  intersecting  with  the  left  margin  of 
the  descending  aorta; 

The  upper  cardiac  border  was  outlined  by  a line 
(A-C)  perpendicular  to  the  center  line  at  the 
level  of  the  upper  left  heart  border. 

The  following  parameters  were  measured  and/ 
or  computed: 

Cardiothoracic  transverse  diameter  ratio 
(C/Tc). 

Cardiac  silhouette  area,  by  planimetry. 

Cardiothoracic  area  ratio  (C/Ta). 

Cardiac  area  from  the  product  of  long  and  short 
diagonal  diameters. 

It  is  hoped  that  the  additional  information  in- 
herent in  this  technique  will  reflect  more  accurate 
size  values  and  help  compensate  for  slight  varia- 
tions in  body  position  and  inspiratory  level.  All 
postflight  data  were  compared  to  the  respective 
preflight  values  using  the  Student’s  t-test  and  re- 
gression analysis. 

Results 

No  roentgenological  abnormalities  were  ob- 
served on  either  preflight  or  postflight  films.  The 
chest  X-rays  of  the  Skylab  3 Pilot  on  the  day  of 
recovery  were  of  poor  quality  and  not  amenable 
to  analysis;  all  other  X-rays  were  of  acceptable 
quality.  Differences  between  preflight  and  post- 
flight systolic  and  diastolic  cardiothoracic  diam- 
eter and  area  ratios  are  presented  in  tables  39-1 
and  39-11.  Both  C/Td  and  C/Ta  showed  a decrease 
in  the  individual  values  postflight.  In  general 
there  was  more  variability  in  the  C/Td  responses 
postflight,  some  cases  in  diastole  showing  a mod- 
est increase  in  the  immediate  postflight  ratios. 
Comparison  of  the  preflight  and  postflight  cardiac 
silhouette  area  differences  showed  a fairly  con- 
sistent decrease  in  the  cardiac  area  on  the  day  of 
recovery  (tables  39-III  and  39-IV).  The  Skylab 
3 Commander,  however,  showed  a postflight  in- 
crease in  the  systolic  cardiac  area  as  determined 
from  the  products  of  minor  and  major  diameters 
(19.76  cm^)  and  a very  slight  increase  in  the 
diastolic  cardiac  area  as  measured  by  the  plani- 
metric  method  (0.30  cm^). 

Table  39-V  summarizes  the  determinants  of 


cardiac  sizes,  their  preflight  and  postflight  means 
and  standard  deviation  as  well  as  the  statistical 
significances.  The  mean  differences,  preflight 
versus  postflight,  of  the  cardiac  areas,  measured 
by  planimetry,  and  of  the  derived  measurement 
(C/Ta),  were  statistically  significant  (P<0.01 
or  P<0.05).  Return  to  preflight  values  was  quite 
variable  for  all  crewmen,  but  most  showed  this 
directional  trend  by  4 to  5 days  after  splash- 
down. There  was  a significant  correlation 
(r=  — 0.91)  between  postflight  decrement  in  sys- 
tolic heart  size  as  measured  by  C/Tp,  and  the 
corresponding  augmentation  in  heart  rate  re- 
sponses registered  during  lower  body  negative 
pressure  stress.  There  was  no  apparent  correla- 
tion between  the  duration  of  orbital  stay  and  the 
postflight  change  in  heart  size. 

Discussion  and  Conclusions 

Radiographic  techniques  for  evaluating  the 
size  of  the  heart  have  the  advantages  of  tech- 
nical simplicity  and  widespread  availability  of 
equipment.  Although  the  conventional  cardiotho- 
racic ratio  has  for  many  years  provided  a useful 
clinical  standard  (ref.  7)  it  carries  a rather  large 
variability  due  to  body  position,  phase  of  respira- 
tion, and  other  uncontrollable  elements  of  thoracic 
configuration.  In  our  practice  the  C/Ta  and  the 
associated  cardiac  area  were  found  to  compare 
well  with  the  C/Tp,  were  easily  obtained,  and  were 
quite  adequate  for  serial  comparisons  on  the  same 
subject  (ref.  3).  In  addition,  the  areal  measure- 
ments provide  more  comprehensive  information 
concerning  the  heart  size  than  transverse  diam- 
eters. The  observed  postflight  decrease  in  frontal 
plane  cardiac  silhouette  size  could  be  attributed  to 
a decrease  in  myocardial  tissue  mass  and/or  intra- 
chamber blood  content,  anatomical  reorientation, 
or  a combination  of  all  of  the  above  mentioned 
factors.  Previous  studies  have  shown  that  sig- 
nificant among  determinants  of  cardiac  size  is 
the  amount  of  blood  returned  to  the  heart  (ref.  8) . 
It  is  quite  conceivable  that  caudad  displacement 
of  blood  and  other  fluids  together  with  an  abso- 
lute decrease  in  the  circulating  blood  volume  (ch. 
26)  could  account  for  the  observed  decreases  in 
the  cardiac  silhouette  size.  At  the  present  time 
there  is  certainly  no  indication  that  the  Skylab 
crewmen  exhibited  a greater  decrease  in  their 
cardiac  size  than  that  observed  in  the  Apollo 
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Table  39-L — Systolic  Cardiothoracic  Ratio  Differences 


Pre flight  versus  postflight 

Postflight  roentgen  examination 

Sky  lab 

missions  Crewman 

First  examination 

Second  examination 

Third  examination 

Day 

C/To'- 

C/T^ 

Day 

C/To 

C/T^ 

Day 

C/To 

C/Tj. 

2 Commander 

-0.003 

-0.003 

-0.020 

-0.008 

Scientist  Pilot 

R + 0 

0.000 

-0.015 

R+8 

+ 0.004 

-0.005 

Pilot 

-0.013 

-0.011 

-0.020 

+ 0.004 

3 Commander 

-0.040 

-0.012 

-0.014 

+ 0.003 

-0.001 

+ 0.023 

Scientist  Pilot 

R + 0 

-0.040 

-0.039 

R + 5 

-0.043 

-0.025 

R + 20 

-0.007 

-0.010 

Pilot 

NA 

NA 

+ 0.012 

+ 0.004 

0.000 

-0.004 

4 Commander 

-0.010 

-0.011 

-0.024 

-0.015 

-0.023 

-0.007 

Scientist  Pilot 

R + O 

-0.059 

-0.020 

R + 5 

-0.025 

+ 0.002 

R + 11 

-0.036 

-0.006 

Pilot 

+ 0.003 

-0.004 

-0.008 

-0.019 

+ 0.009 

-0.017 

^ C/Td,  Diametral  Ratio. 
2 C/Ta,  Areal  Ratio. 

NA,  Not  available. 
R,  Recovery. 

Table  39-11. — 

Diastolic  Cardiothoracic  Ratio  Differences 

Pre  flight  versus  postflight 

Postflight  roentgen  examination 

Sky  lab 
mission 

First  examination 

Second  examination 

Third  examination 

Crewmembers 

Day 

C/To^ 

C/T^^ 

Day 

C/To 

CjTj, 

Day 

C/To 

C/Tj, 

2 

Commander 
Scientist  Pilot 
Pilot 

R + 0 

+ 0.012 
+ 0.003 
-0.008 

+ 0.002 
-0.012 
-0.025 

R + 8 

-0.006 

0.000 

-0.003 

+ 0.003 
-0.007 
-0.003 

3 

Commander 
Scientist  Pilot 
Pilot 

R + 0 

-0.005 

-0.034 

NA 

-0.006 

-0.022 

NA 

R + 5 

+ 0.009 
-0.029 
+ 0.002 

+ 0.012 
-0.015 
+ 0.005 

R + 20 

+ 0.035 
-0.011 
+ 0.012 

+ 0.027 
-h  0.006 
-0.007 

4 

Commander 
Scientist  Pilot 
Pilot 

R + 0 

+ 0.014 
+ 0.013 
+ 0.015 

-0.018 

-0.006 

-0.013 

R + 5 

+ 0.026 
+ 0.034 
-0.001 

-0.010 
+ 0.014 
-0.017 

R + 11 

+ 0.018 
+ 0.022 
+ 0.003 

-0.003 
+ 0.012 
-0.010 

^ C/Td,  Diametral  ratio. 
2 C/Ta,  Areal  ratio. 


NA,  Not  available. 
R,  Recovery. 
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Table  39-IIL — Differences  in  Systolic  Cardiac  Areas 


Preflight  compared  to  postflight 


Skylab 

mission 

Crewmembers 

Postflight  roentgen  examination 

First  examination 

Second  examination 

Third  examination 

Day 

(cm*) 

Plan." 

(cm*) 

Day 

D,XD, 

(cm?) 

Plan. 

(cm*) 

Day 

D,xD, 

(cm?) 

Plan, 

(cm*) 

2 

Commander 

-16.10 

- 2.40 

-19.00 

- 9.50 

Scientist  Pilot 

R + 0 

-29.20 

- 9.80 

R + 8 

+ 10.70 

- 2.10 

Pilot 

-15.50 

- 9.80 

+ 20.90 

+ 6.00 

3 

Commander 

+ 19.76 

- 1.90 

+ 21.20 

+ 6.30 

-72.00 

+ 24.80 

Scientist  Pilot 

R + 0 

-55.80 

-26.70 

R + 5 

-30.40 

-15.50 

' R + 20 

-19.64 

- 6.60 

Pilot 

NA 

NA 

+ 7.35 

+ 6.10 

- 8.63 

- 2.30 

4 

Commander 

-16.30 

- 7.60 

- 7.70 

+ 6.30 

-11.00 

- 5.60 

Scientist  Pilot 

R + 0 

-21.00 

- 9.90 

R + 5 

-10.50 

- 5.60 

R + 11 

-11.30 

- 8.40 

Pilot 

- 1.70 

- 3.30 

+ 1.30 

- 7.70 

- 0.30 

- 6.90 

1 Cardiac  area  determined  from  the  product  of  the  major  and  minor  diameters. 

2 Cardiac  area  determined  by  planimetry. 

NA,  Not  available. 

R,  Recovery. 


Table  39-IV. — Differences  in  Diastolic  Cardiac  Areas 


Preflight  compared  to  postflight 


Postflight  roentgen  examination 


First  examination 

Second  examination 

Third  examination 

Skylab 

mission  Crewman 

DiXDt^  Plan.^ 

Day  (cm*)  (cm*) 

DtXDt  Plan. 

Day  (cm*)  (cm*) 

DtXDt  Plan. 

Day  ( cm*)  ( cm*) 

Commander 
Scientist  Pilot 
Pilot 

R + 0 

-14.20 

-33.80 

-40.70 

- 2.70 
-12.00 
-14.70 

R + 8 

- 4.80 

- 3.00 

- 4.00 

- 5.10 
- 5.60 
+ 1.40 

Commander 
Scientist  Pilot 
Pilot 

R + U 

- 2.10 
-25.40 
NA 

+ 0.30 
-16.50 
NA 

R + 5 

+ 18.00 
-10.80 
-12.80 

+ 16.30 
- 8.50 
+ 2.20 

R + 20 

+ 46.90 
+ 30.00 
-28.20 

+ 27.10 

- 5.00 

- 7.70 

Commander 
Scientist  Pilot 
Pilot 

R + 0 

-107.10 

-41.20 

-24.60 

-17.30 
- 1.70 
-15.60 

R + 5 

-89.10 
- 0.00 
- 4.60 

- 9.10 
+ 11.30 

- 7.60 

R + 11 

-78.30 
- 7.50 
+ 5.00 

- 6.90 
+ 10.30 

- 2.00 

1 Cardiac  area  determined  from  the  product  of  the  major  and  minor  diameters. 

2 Cardiac  area  determined  by  planimetry. 


NA,  Not  available. 
R,  Recovery. 
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Table  39- V. — Determinants  of  Cardiac  Size  from  Roentgenograms  ^ 


Cardiac 

phase 

Measure- 

ment 

Preflight 

Postfiight  (R  + 0) 

Statistical 

significance 

Mean 

Standard 

deviation 

Mean 

Standard 

deviation 

C/Td^ 

0.416 

0.029 

0.390 

0.018 

P<0.05 

Systole 

C/Ta® 

0.180 

0.019 

0.166 

0.018 

P<0.01 

DiX  Dj^ 

238.87  (cmD 

38.13  (cm“) 

221.90  (cm") 

40.82  (cm") 

NS 

Plan.“ 

123.81  (cm") 

13.31  (cm“) 

114.22  (cm") 

12.74  (cm") 

P<0.05 

C/Td 

0.403 

0.018 

0.399 

0.021 

NS 

Diastole 

C/Td 

0.177 

0.015 

0.164 

0.020 

P<0.01 

DiX  D2 

248.41  (cm") 

28.28  (cm=) 

212.27  (cm") 

34.09  (cm") 

P<0.05 

Plan. 

121.71  (cm") 

7.74  (cm“) 

111.67  (cm") 

12.20  (cm") 

P<0.01 

IN,  8 (R+0  Film  of  Skylab  3 Pilot  unsatisfactory). 

2 Cardiothoracic  ratio  based  on  the  respective  diameters. 

® Cardiothoracic  ratio  based  on  the  respective  areas. 

* Cardiac  area  determined  from  the  product  of  the  minor  and  major  diameters, 
® Cardiac  area  determined  by  planimetry. 

P,  Probability. 

NS,  Not  sigmificant. 


astronauts  following  shorter  duration  space  mis- 
sions, nor  that  the  decrease  in  diastole  heart  size 
was  of  greater  magnitude  than  that  of  the  systolic 
phase  of  the  cardiac  cycle.  A small  diastolic  size 
might  more  clearly  delineate  a deficit  in  blood 
return  and  chamber  filling  rather  than  loss  of 
myocardial  mass. 

Further  studies  during  the  Shuttle  era  should 
be  directed  toward  a better  understanding  of  the 


intracardiac  chamber  and  myocardial  tissue  com- 
ponents possibly  involved  in  the  reported  X-ray 
findings. 
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CHAPTER  40 

Skylab:  A Beginning 


Lawrence  F.  Dietlein  » 


tt'^HE  EAGLE  HAS  LANDED;  TRANQUILITY  BASE 
JL  HERE.”  This  simple  and  now  historic  mes- 
sage of  July  20,  1969,  marked  the  attainment  of 
perhaps  the  greatest  peacetime  goal  in  the  history 
of  man.  It  fulfilled  President  Kennedy’s  directive 
issued  some  8 short,  hectic  years  earlier,  when  he 
proclaimed  on  May  25,  1961 : “I  believe  we  should 
go  to  the  Moon  . . . before  this  decade  is  out.”  It 
marked  the  culmination  of  a technically  complex 
engineering  accomplishment  that  began  with 
Mercury  and  continued  uninterrupted  through 
Gemini  and  prelunar  Apollo.  The  ultimate  goal  of 
these  efforts  was  a manned  lunar  landing.  None 
of  these  programs  had  as  a major  objective  the 
detailed  study  of  the  biomedical  responses  of  man 
to  the  space  environment,  except  in  the  broadest 
sense  of  survival  and  the  ability  to  live  and  work 
effectively  in  that  environment.  Nevertheless, 
throughout  each  program,  information  concern- 
ing man  and  his  new  surroundings  was  obtained 
wherever  possible  and  whenever  practicable,  ever 
mindful  of  the  time  constraints  imposed  by  the 
lunar  landing  goal  and  the  weight  limitations  of 
the  launch  vehicles. 

A major  goal  of  Skylab  was  to  learn  more  about 
man  and  his  responses  to  the  space  environment 
for  missions  lasting  up  to  84  days.  At  the  1974 
Skylab  Life  Sciences  Symposium  (ref.  1),  we 
were  briefed  on  the  results  of  measurements  and 
experiments  that  were  conceived  some  6 to  8 years 
earlier,  and  which  have  added  immeasurably  to 
our  understanding  of  man,  his  physiological  re- 
sponses, and  his  capabilities  in  space. 

In  one  sense  Skylab  is  the  beginning  of  an  in- 
depth  study  of  man  in  this  unique  environment, 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


for  Skylab  has  resolved  some  problems  while 
inevitably  raising  new  questions. 

Mercury  1961-1963 

In  order  to  view  the  Skylab  data  in  their  proper 
context,  let  us  go  back  for  a moment  to  1961.  At 
that  time  both  the  United  States  and  Soviet  Union 
were  placing  animals,  such  as  chimpanzees  Ham 
and  Enos,  in  orbital  flight.  The  goal  of  these 
flights  was  to  refute  untested  but  plausible  theo- 
ries of  catastrophic  failures  in  various  vital  func- 
tions if  such  animals  were  suddenly  thrust  into 
weightless  flight.  There  were,  of  course,  additional 
stresses  to  be  reckoned  with  in  space,  the  most 
important  of  which  are  listed  in  table  40-1  and 
which  are  by  now  quite  familiar  to  all. 

But  the  factor  of  greatest  concern  to  man  with 
his  many  gravity-influenced  body  systems  was  and 
continues  to  be  null  gravity.  Many  dire  effects — 
some  of  them  diametrically  opposed  to  each  other 
— were  postulated  as  direct  consequences  of  ex- 
posing man  to  zero-gravity.  Some  of  these  predic- 
tions are  listed  in  table  40-11  and  are  well  known 
from  previous  publications  (ref.  2,  3). 

A few  of  these  predictions  were  later  shown  to 
be  valid;  happily,  most  of  them  were  not  sub- 

Table  40-1. — Principal  Environmental  Stresses  in 
Manned  Space  Flight 


Weightlessness 
Ionizing  radiation 
Temperature  and  humidity 
Accelerations 

Circadian  rhythm  disruption 
Noise  and  vibration 
Atmospheric  composition 
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Table  40-11. — Predicted  Weightlessness  Effects 


Anorexia 

Nausea 

Disorientation 

Sleepiness 

Sleeplessness 

Fatigue 

Restlessness 

Euphoria 

Hallucinations 

Decreased  g tolerance 

Gastrointestinal  disturbance 

Urinary  retention 

Diuresis 

Muscular  incoordination 
Muscle  atrophy 


Demineralization  of  bones 

Renal  calculi 

Motion  sickness 

Pulmonary  atelectasis 

Tachycardia 

Hypertension 

Hypotension 

Cardiac  arrhythmias 

Postflight  syncope 

Decreased  exercise  capacity 

Reduced  blood  volume 

Reduced  plasma  volume 

Dehydration 

Weight  loss 

Infectious  illnesses 


stantiated  by  subsequent  flight  experience.  During 
the  Mercury  Program,  NASA  scientists  made 
some  tentative  realistic  predictions  of  their  own 
regarding  the  time  course  of  certain  symptoms 
should  they  develop  during  weightless  flight. 
These  are  indicated  in  figure  40-1  and,  except  for 
sensory  deprivation  and  sleep  changes,  have  gen- 
erally proved  to  be  quite  realistic. 

The  first  indication  of  cardiovascular  or  circu- 
latory impairment  related  to  space  flight  was  the 
orthostatic  intolerance  exhibited  by  Schirra  fol- 


4.5  h 9 h 
Glenn 

Nausea,  Carpenter  Titov 
labyrinthine 
disturbance 

Digestive 
upset 


24  h 48  h 


14  days  3 months 


Sensory 

deprivation 

Sleep  and 
diurnal  rhythm 
changes 


Circulatory 

Impairment 

Muscle  and 
bone  atrophy 


Figure  40—1. — Expected  time  course  of  symptoms  should 
they  occur  in  weightlessness. 


lowing  his  9-hour  MA-8  flight  and  Cooper  after 
his  34-hour  MA-9  flight.  Cardiovascular  data 
from  the  last  and  longest  Mercury  flight  are  in- 
dicated in  table  40-III,  including  orthostatic  in- 
tolerance and  dizziness  on  standing,  weight  loss 
(dehydration),  and  hemoconcentration. 

Gemini  1965-1966 

The  biomedical  studies  conducted  during  the 
Gemini  Program  were  oriented  toward  evaluating 
the  magnitude  of  flight-related  changes  first  noted 
following  the  Mercury  flights,  and  other  physi- 
ological changes  that  might  occur  in  Earth-orbital 
flights  of  up  to  2 weeks’  duration.  Heavy  emphasis 
was  placed  upon  evaluation  of  the  cardiovascular 
system,  since  the  principal  changes  observed  dur- 
ing Mercury  involved  alterations  in  cardiovas- 
cular reflexes  that  regulate  blood  flow  in  the  face 
of  a continuous  hydrostatic  gradient  in  Earth’s 
gravity  field. 

The  preflight,  in-flight,  and  post-flight  studies 
conducted  during  the  Gemini  Program  were  in- 
tended to  detect  alterations  in  the  functional 
status  of  the  principal  human  body  systems  with 
increased  flight  duration.  The  results  of  these 
studies  indicated  that  some  of  the  major  human 
physiological  systems  undergo  consistent  and  pre- 
dictable alteration  as  a result  of  space  flight.  The 
significant  biomedical  findings  in  Gemini  are  listed 
in  table  40-IV. 

It  should  be  emphasized  that  the  principal  ob- 
jectives of  the  10  Gemini  flights  were  to  perfect 
the  techniques  of  rendezvous,  station  keeping. 


410 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


Table  40-III. — Flight  Mercury-Atlas-9  (MA-9)  Cardiopulmonary  Data 

Summary 


Event 

Heart  rate 
beats/min 

Pressure 
(mm  Hg) 

Respiration  rate 
(breaths /min) 

Prelaunch 

72 

113/79 

19 

Orbital 

89 

119/81 

15 

Postflight 

83  (supine) 

89/64 

(1  to  7 hours) 

123  (erect) 

90/73 

(18  hours) 

58  (supine) 

98/61 

80  (erect) 

94/68 

Flight  time:  34  h 20  min. 

Weight  Loss:  3.5  kg  (7.75  lb). 

Postflight  temperature:  310.6  K (99.4*  F)  (Oral), 

Hematocrit;  43  (Preflight);  49  (Postflight). 
Subjective  symptoms;  Dizziness. 

Table  40-1 V. — Significant  Biomedical  Findings 
in  the  Gemini  Program 

Moderate  loss  of  red  cell  mass 
Moderate  postflight  orthostatic  intolerance 
Moderate  postflight  loss  of  exercise  capacity 
Minimal  loss  of  bone  density 

Minimal  loss  of  bone  calcium  and  muscle  nitrogen 
High  metabolic  cost  of  extravehicular  activity 


docking,  and  extravehicular  activity — all  critical 
to  the  Apollo  lunar  landing  mission,  then  only 
four  and  one-third  years  away  from  Gemini  3. 
Three  flights  of  the  Gemini  series  were  of  medical 
and  physiological  interest.  Gemini  4,  5,  and  7,  last- 
ing 4,  8,  and  14  days,  respectively.  Several  in-flight 
measurements  or  experiments  were  accomplished 
on  these  missions,  as  well  as  preflight  and  post- 
flight studies.  These  investigations  confirmed  the 
postflight  orthostatic  intolerance  observed  in  Mer- 
cury and  extended  the  findings  to  include  moder- 
ately decreased  postflight  exercise  capacity  and 
red  cell  mass,  minimal  loss  of  bone  calcium  and 
muscle  nitrogen,  and  the  high  metabolic  cost  of 
extravehicular  activity.  The  medical  findings  of 
the  Gemini  Program  have  been  reported  in  detail 
elsewhere  (refs.  3,  4,  5). 

Apollo  1968-1973 

Eleven  manned  missions  were  completed  in  the 
5-year  span  of  the  Apollo  Program:  four  prelunar 
flights  (missions  7 through  10)  ; the  first  lunar 
landing  (mission  11),  and  five  subsequent  lunar 
exploratory  flights  (missions  12  through  17). 


Apollo  13  did  not  complete  its  lunar  landing  mis- 
sion because  of  the  unfortunate  pressure  vessel 
explosion  in  the  service  module.  Instead,  it  re- 
turned to  Earth  after  a partial  lunar  orbit. 

As  stated  previously,  biomedical  studies  in 
Apollo  were  limited  essentially  to  the  preflight  and 
postflight  mission  phases,  along  with  in-flight 
monitoring  and  observatiohs.  Apollo  witnessed  the 
addition  of  vestibular  disturbances  to  the  litany 
of  significant  biomedical  findings  incident  to  space 
flight. 

Vestibular  disturbances  with  nausea  were  noted 
by  Soviet  Cosmonaut  Titov  during  his  1-day-Vos- 
tok  2 flight  on  August  6,  1961,  and  by  the  crews 
of  other  later  Soviet  flights.  No  astronauts  had 
experienced  any  motion  sickness  symptoms  until 
the  early  Apollo  experience.  In  retrospect,  how- 
ever, the  anorexia  and  reduced  caloric  intake 
observed  on  certain  Gemini  and  later  Apollo 
flights,  may  have  been,  in  fact,  early  symptoms  of 
vestibular  disturbance. 

Apollo  8 and  9 especially  were  plagued  with 
vestibular  problems:  five  of  the  six  crewmen  de- 
veloped stomach  awareness,  three  of  the  six, 
nausea,  and  two  of  these  six  proceeded  on  to  frank 
vomiting.  In  Apollo  15  and  17,  three  of  six  of  the 
crewmen  also  experienced  stomach  awareness. 
The  flight  plans  of  Apollo  8 and  9 required  that 
the  certain  crewmen  leave  their  couches  soon  after 
orbital  insertion.  All  three  Apollo  8 crewmen  noted 
some  motion  sickness  symptoms  (stomach  un- 
easiness or  awareness,  nausea,  or  vomiting) , con- 
fined generally  to  the  first  day  of  flight.  There  is 
some  confusion  concerning  the  etiology  of  the 


skylab:  a beginning 


411 


Apollo  8 crew's  symptomatology,  since  the  Com- 
mander felt  that  a viral  gastroenteritis  accounted 
for  (or  aggravated)  his  symptoms.  In  Apollo  9, 
the  vestibular  disturbance  lasted  for  a consider- 
ably longer  time,  and  in  the  case  of  the  most 
severely  affected  crewman,  necessitated  a post- 
ponement of  the  flight  plan.  And  thus  an  additional 
problem  area  was  introduced  into  the  American 
space  experience.  This  disturbance,  which  had  long 
plagued  the  Soviets  and  which  had  been  predicted 
in  the  early  1960's  as  a probable  effect  of  weight- 
less flight,  had  made  its  belated  American  debut. 
Its  late  appearance  was  probably  related  to  the 
relative  immobility  of  the  crews  in  their  space- 
craft during  the  Mercury  and  Gemini  flights  and 
the  absence  of  any  rotation  of  the  vehicles  them- 
selves. 

Other  significant  biomedical  findings  in  Apollo 
are  indicated  in  table  40-V.  Generally,  they  con- 
firmed the  Gemini  findings  of  postflight  dehydra- 
tion and  weight  loss,  postflight  decrease  in 
orthostatic  tolerance,  and  postflight  reduction  in 
exercise  capacity  (ref.  6).  In  addition,  the  de- 
creased red  cell  mass  and  plasma  volume  noted  in 
Gemini  were  confirmed,  but  were  less  pronounced 
in  Apollo. 

Table  40-V. — Significant  Biomedical  Findings  in 
the  Apollo  Program 


Vestibular  disturbances 

Adequate  diet;  less  than  optimal  food  consumption 

Postflight  dehydration  and  weight  loss 

Decreased  postflight  orthostatic  tolerance 

Reduced  postflight  exercise  tolerance 

Apollo  15  cardiac  arrhythmia 

Decreased  red  cell  mass  and  plasma  volume 


One  final  observation  deserving  mention  was 
the  cardiac  arrhythmia  episode  of  Apollo  15.  One 
of  the  crewmembers  experienced  a single  run  of 
bigeminy  during  the  mission — the  first  significant 
arrhythmia  observed  during  any  American  space 
flight  up  to  that  time.  Two  short  bursts  (9  and  17 
beats,  respectively)  of  nodal  tachycardia  were  ob- 
served on  the  postponed  MA-6  launch  attempt  of 
John  Glenn  in  1962.  At  the  time  of  the  arrhyth- 
mia, he  was  lying  on  his  couch  preparing  for  the 
final  countdown.  No  arrhythmias  were  subse- 


quently observed  on  Glenn  either  during  flight  or 
following  his  historic  5-hour  orbital  flight.  In  the 
case  of  the  Apollo  15  astronaut,  it  was  first  thought 
that  a dietary  deficiency  of  potassium  might  have 
been  a contributory  factor.  Subsequent  careful 
analysis  of  dietary  intake  and  mission  simulation 
studies  failed  to  bear  this  out.  The  etiology  re- 
mains obscure.  Fatigue,  following  vigorous  lunar 
surface  activities  most  certainly  was  a factor. 
Other  contributory  factors  remain  speculative  and 
are  likely  to  remain  so.  It  should  be  noted  that 
this  same  crewman  sustained  a myocardial  infarc- 
tion in  April  1973,  some  21  months  after  his  flight 
in  July  1971.  Thus  coronary  atherosclerosis  was 
very  likely  the  principal  factor. 

For  further  details  concerning  the  biomedical 
results  of  Apollo,  the  reader  is  referred  to  the  final 
summary  report  (ref.  7). 

Skylab  1973-1974 

The  three  principal  objectives  of  the  Skylab 
Program  were  the  study  of  man,  his  Earth,  and  his 
Sun.  The  responses  of  man  to  long-duration  space 
flight  were  reported  in  detail  at  the  1974  Skylab 
Life  Sciences  Symposium  (ref.  1). 

Before  summarizing  the  salient  biomedical  find- 
ings of  Skylab,  I should  like  to  stress  the  some- 
times overlooked  fact  that,  in  assessing  the  effects 
of  weightlessness  on  man  during  prolonged  space 
flight,  we  are  not  examining  absolute  effects  or 
responses.  Clearly,  man  is  not  vegetating  in  space, 
but  is  actually  doing  his  utmost  to  maintain  a high 
level  of  physical  fitness  and  performance.  Thus  the 
absolute  detrimental  effects  of  null  gravity  will,  in 
most  cases,  have  to  be  determined  in  subhuman 
surrogates.  Other  points  worth  emphasizing  are 
the  relative  inflexibility  of  the  principal  studies 
or  measurements  made  on  space  missions,  includ- 
ing Skylab,  once  conceptual  design  has  been  final- 
ized ; and  the  fact  that  space  flight  investigations 
are  essentially  ‘‘field  studies,"  fraught  with  many 
attendant  difficulties,  in  which  the  investigator  is 
even  farther  removed  from  experiment  and  sub- 
ject than  in  field  studies  on  Earth.  And  finally, 
although  the  measuring  equipment  is  highly  reli- 
able in  performance  and  the  astronaut  a superbly 
trained,  perceptive  scientist/observer  in  his  own 
right — yet  the  circumstances  fall  short  of  the 
classical  picture  of  the  experimenting  scientist  in 
his  exceptionally  well  equipped  laboratory,  con- 
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stantly  fine-tuning  his  equipment  and  personally 
conducting  experimental  trials  and  collecting 
precious  data. 

All  these  factors,  notwithstanding,  the  efforts 
of  the  Skylab  investigative  team  have  resulted  in 
a major  contribution  toward  understanding  man 
in  his  new  environment. 

Cardiovmcular, — In  the  cardiovascular  area  we 
have  learned  that  so-called  cardiovascular  decon- 
ditioning does  occur  during  flight,  that  the  change 
is  adaptive  in  nature  and  stabilizes  after  a period 
of  4 to  6 weeks,  that  this  change  does  not  impair 
crew  health  or  performance  aloft,  and  that  it  is 
triggered  by  factors  tending  to  reduce  circulating 
blood  volume.  These  changes  are  summarized  in 
table  40-VI. 

The  provocative  Lower  Body  Negative  Pressure 
test  has  proved  to  be  a fairly  reliable  predictive 
index  of  postflight  cardiovascular  status.  Cardiac 
arrhythmias  have  been  rare:  a single  episode  was 
noted  early  in  Skylab  2 during  intensive  personal 
exercise  and  interpreted  as  multiple  unifocal  ven- 
tricular premature  beats  with  no  evidence  of 
coupling. 

Other  arrhythmias  observed  were  limited  to 
isolated  rare  to  occasional  premature  beats.  Car- 
diac electrical  activity  otherwise  was  within  physi- 
ological limits  as  judged  from  the  vectorcardio- 
graphic  data. 

Exercise  tolerance  during  flight  was  unaffected. 


It  was  only  after  return  to  Earth  that  a tolerance 
decrement  was  noted. 

Finally,  the  rapid  postflight  recovery  of  ortho- 
static and  exercise  tolerance  following  two  of  the 
three  Skylab  missions  appeared  to  be  directly  re- 
lated to  total  in-flight  exercise  as  well  as  to  the 
graded,  regular  program  of  exercise  performed 
during  the  postflight  debriefing  period. 

As  indicated  in  table  40-VII,  the  postflight 
orthostatic  intolerance  and  diminished  exercise 
capacity  are  both  related  etiologically  to  a de- 
creased effective  circulating  blood  volume  at  one-g, 
with  consequent  decreased  venous  return  and  car- 
diac output. 

Other  factors  to  be  considered  are  muscle  im- 
balance, altered  electrolyte  flux,  possible  changes 
in  venous  tone  or  reflexes,  and,  of  course,  fatigue. 
There  is  no  convincing  incidence  of  myocardial 
damage  as  an  etiological  factor;  however,  transi- 
ent cellular  changes  during  the  period  of  homeo- 
static perturbation  would  not  be  surprising  or 
unusual.  In  animal  oxygen  toxicity  studies,  we 
have  observed  such  changes  in  lung,  liver,  and 
kidney. 

The  thrust  of  future  cardiovascular  investiga- 
tions is  indicated  in  table  40-VIII.  Continued 
human  studies,  as  well  as  critical  invasive  experi- 
ments on  animals,  must  be  conducted  to  define  the 
nature  and  time  course  of  pertinent  mechanisms 
during  flight.  The  Gauer-Henry  reflex  has  yet  to  be 


Table  40-VI. — Skylab  Cardiovascular  Summary 


Cardiovascular  deconditioning  was  observed  during  flight ; changes  appeared  adaptive  in 
nature  and  tended  to  stabilize  after  4 to  6 weeks. 

Cardiovascular  changes  did  not  impair  crew  health  or  ability  to  function  effectively  in 
weightless  flight. 

Lower  Body  Negative  Pressure  tests  provided  fairly  reliable  predictive  index  of  post- 
flight cardiovascular  status. 

Cardiac  electrical  activity  as  measured  by  vectorcardiogram  was  not  significantly  altered 
and  remained  within  physiological  limits. 

Decreased  cardiac  output  noted  in  crewmen  postflight;  thought  to  be  related  to  reduced 
venous  return. 

Single  episode  of  significant  cardiac  arrhythmia  noted  in  one  Skylab  2 crewman  during 
exercise  early  in  mission. 

No  significant  in-flight  decrement  in  work  capacity  or  physiological  responses  to  exer- 
cise. 

All  crewmen  exhibited  postflight  decrease  in  work  capacity  and  altered  physiological 
responses  to  exercise. 

Skylab  3 and  4 crews  returned  to  preflight  cardiovascular  status  by  the  fourth  or  fifth 
day  and  the  Skylab  2 crew  on  the  21st  day  postflight.  Increased  personal  exercise  by 
Skylab  3 and  4 crewmen  thought  to  be  a factor  in  improved  recovery  rate. 
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Table  40- VII. — Cardiovascular  System 
Findings : 

Postflight  orthostatic  intolerance. 

Postflight  diminished  exercise  capacity. 

Probable  etiological  factors ; 

Decreased  effective  circulating  blood  volume  postflight. 
Diminished  venous  return  at  one-g. 

Muscular  imbalance  occasioned  by  functional  disuse 
atrophy  of  antigravity  muscles. 

Altered  internal  milieu  (fluid/electrolyte  dynamic  flux) 
during  early  postflight  period. 

? Altered  venous  reflexes/tone. 

Fatigue. 


Table  40-VIIL — Future  Cardiovascular 
Investigative  Areas 


Rule  out ; 

Permanent  myocardial  damage  (cellulal  level) — remote. 

Candidate  future  cardiovascular  studies : 

In-depth,  noninvasive  cardiovascular  dynamics  monitor- 
ing. 

Invasive  pressure/volume/flow  changes  in  early  flight 
(animal) . 

Demonstrate  presence  or  absence  of  Gauer-Henry  reflex. 

Total  body  exercise  regimen  to  maintain  integrity  of 
antigravity  as  well  as  major  muscle  groups. 

Assess  role  of  venous  (capacitance)  vessels  in  observed 
deconditioning  process. 

Assess  role  of  fatigue. 


demonstrated.  This  will  not  be  easy  to  demonstrate 
in  man,  since  the  critical  time  period  to  be  investi- 
gated is  thought  to  coincide  with  the  early  opera- 
tionally exacting  first  days  of  the  mission. 

Attention  must  also  be  given  to  devising  an  ef- 
fective, practicable  exercise  regimen  for  all  major 


muscle  groups,  including  the  antigravity  muscles. 

Finally,  we  must  assess  the  roles  of  the  capaci- 
tance vessels  or  veins  and  the  elusive  fatigue  factor 
in  the  deconditioning  phenomenon. 

Mineral/ Fluid  Balance. — Findings  in  this  area 
are  summarized  in  table  40-IX.  They  include  the 
moderate  losses  of  calcium,  phosphorus,  and  nitro- 
gen observed  during  the  first  two  Skylab  missions. 
Preliminary  evaluation  of  data  from  these  flights 
as  well  as  from  the  84-day  mission  supports  the 
general  observation  that  these  losses  are  compar- 
able to  those  observed  in  bedrest  studies  or  6 
grams  of  calcium  per  month  or  five-tenths  per- 
cent of  total  body  calcium  per  month.  Comple- 
mentary mineral  losses  in  the  os  calcis  have  been 
relatively  low.  It  would  appear  from  these  data 
that  missions  of  from  8 to  9 months’  duration 
would  be  feasible  without  preventive  or  remedial 
measures. 

The  Skylab  experience  has  provided  evidence 
that  the  caloric  requirements  of  space  flight  are 
identical  with  those  for  the  individual  on  Earth — 
at  least  for  high  activity  missions  such  as  Skylab. 
From  the  Gemini  and  Apollo  experience  we  were 
led  to  believe  that  the  in-flight  caloric  require- 
ments was  some  300  kilocalories/day  fewer  than 
Earth  requirements.  This  judgment  may  have 
been  colored  by  the  relative  low  activity  profiles 
of  these  missions,  and  the  fact  that  the  food  pro- 
vided was  often  not  consumed.  In  retrospect,  as 
mentioned  before,  this  anorexia  may  have  been  a 
manifestation  of  early  motion  sickness  and  not 
recognized  as  such  at  the  time. 

Renal  function  was  unimpaired  during  flight 
through  a complex  interplay  of  humoral  and  pos- 


Table  40-IX. — Skylab  Mineral/ Caloric,  Fluid/ Electrolyte  Summary 


Moderate  losses  of  calcium,  phosphorus,  and  nitrogen  observed  comparable  to  those 
seen  in  bedrested  subjects:  6 grams/month  calcium  or  0.5  percent/month  total  body 
calcium. 

Rate  of  calcium  loss  would  not  preclude  extended  missions  of  8 to  9 months^  duration. 
Longer  missions  may  require  remedial  measures. 

Significant  os  calcis  mineral  loss: 

Skylab  3:  Scientist  Pilot,  7.4  percent. 

Skylab  4:  Scientist  Pilot,  4.5  percent;  Pilot,  7.9  percent. 

Caloric  requirements  during  flight  identical  with  individual  requirements  at  one-g. 

Renal  function  unimpaired;  however,  apparently  unique  adaptive  functional  changes 
observed  require  further  study. 

Skylab  4 anthropometric  studies  consistent  with  predicted  shift  of  body  fluids  during 
weightless  flight. 


414 


BIOMEDICAL  RESULTS  FROM  SKYLAB 


sibly  hemodynamic  factors  as  we  will  consider 
shortly.  In  addition,  anthropometric  studies  per- 
formed on  Skylab  4 support  a cephalad  shift  of 
body  fluids  at  zero-g. 

With  regard  to  the  musculoskeletal  system,  the 
negative  balances  observed  were  due  primarily  to 
the  absence  of  gravity  as  indicated  in  table  40-X. 
However,  the  correct  blend  of  weight  bearing, 
muscular  activity,  hormonal  influences,  and  circu- 
latory factors  required  to  prevent  or  arrest  mineral 
and  nitrogen  loss  during  bedrest  simulations  has 
to  date  defied  definition.  Elevated  cortisol  secre- 
tion during  flight  helps  to  confound  the  picture 
and  doubtless  contributes  to  nitrogen  and  potas- 
sium loss. 

Continued  studies  must  be  pursued — and  we  are 
currently  active  in  this  area — to  define  absolute 
catabolic  changes  in  the  musculoskeletal  system  of 
animals.  We  also  must  continue  to  evaluate  various 
countermeasures  in  bedrest  simulation  studies  in 
order  to  detennine  those  most  suitable  for  flight 
use.  More  attention  must  be  given  to  the  selection 
of  individuals  who  are  most  refractory  to  the 
catabolic  influences  of  space  flight.  The  prediction 
formula  of  Vogel,  et  al.,  may  be  useful  in  this 
regard. 

Fluid  and  Electrolytes. — Following  Apollo  and 
before  Skylab  a working  hypothesis  was  advanced 
(ref.  6)  which  provided  a logical  flow  of  events 
outlining  the  adaptive  changes  in  the  fluid,  electro- 
lyte, and  hormonal  area  associated  with  space 

Table  40-X. — Musculoskeletal  System 


Finding: 

Moderate  losses  of  calcium,  nitrogen,  and  phosphorous 
Possible  etiological  factors: 

Primary — loss  of  gravity  gradient 
Secondary 

Absence  of  weight  bearing  and  impact. 

Absence  of  hydrostatic  venous  gradient. 

? Hormonal  imbalance  (elevated  cortisol  secretion). 
Combinations  of  above. 

Candidate  future  studies: 

Absolute  catabolic  in-flight  changes  (bone,  muscles)  in 
animals. 

Countenneasure  evaluation. 

Dietary. 

Physical. 

? Hormonal. 

Selection  criteria  for  prolonged  missions  (prediction 
formula) . 


flight.  The  essential  steps  in  this  adaptive  process 
are  outlined  in  figure  40-2.  In  brief,  the  relative 
hypervolemia  (total  circulating  blood  volume)  ex- 
perienced at  orbital  insertion  resulted  in  decreases 
in  antidiuretic  hormone  (Gauer-Henry  reflex)  and 
aldosterone  secretion  resulting  in  a diuresis  of 
water  and  solute  (sodium  and  ? potassium).  Such 
a diuresis  may  have  occurred  during  mission  day 
1,  but  was  not  evident  since  fractional  urine 
samples  could  not  be  obtained  due  to  mission  con- 
straints. Thus,  a diuresis  could  have  occurred  but 
was  obscured  by  collection  procedures  or  modified 
by  increased  insensible  loss  and  sweating  which 
were  not  measured. 

Even  assuming  the  occurrence  of  a diuresis  dur- 
ing early  mission,  there  are  some  consistently 
paradoxical  findings  which  are  difficult  to  recon- 
cile with  the  working  hypothesis.  These  findings 
are  listed  in  table  40-XI.  Antidiuretic  hormone 
secretion  was  uniformly  decreased  during  all  mis- 
sions with  the  exception  of  Skylab  2 in  which  case 
it  was  elevated,  especially  in  early  mission  follow- 
ing the  overheating  of  the  Orbital  Workshop.  Also, 
aldosterone  secretion  was  consistently  elevated 
throughout  all  missions,  and  particularly  in  the 
early  part  of  Skylabs  2 and  3.  Despite  this  elevated 
aldosterone,  solute  (sodium  and  potassium)  excre- 
tion was  consistently  elevated  and  was  reflected 
in  the  increased  urine  osmolality.  As  stated  earlier, 
the  consistently  elevated  cortisol  secretion  doubt- 
less contributed  to  muscle  catabolism  and  in- 
creased nitrogen  and  potassium  loss.  Its  overall 
effect  on  fluid  and  electrolyte  homeostasis  must 
remain  conjectural  at  this  time. 

In  general  then,  it  is  evident  that  internal  ho- 
meostasis and  satisfactory  renal  function  were 
maintained  through  complex  humoral  and/or  he- 
modynamic (physical)  factors  that  await  clarifica- 
tion. 

Studies  proposed  by  the  Johnson  Space  Center 
include  demonstration  of  the  presence  (or  ab- 
sence) of  the  Gauer-Henry  reflex  during  early 
weightlessness;  the  changes  in  renal  hemody- 
namics during  zero-g;  the  renal  response  to  pro- 
vocative stresses  such  as  water  loading,  salt 
loading,  and  water  deprivation  during  space  flight ; 
and  the  hormonal  interplay  involved  in  these  pro- 
cesses. 

Hematology, — Red  cell  mass  loss  was  again  ob- 
served following  the  Skylab  missions.  The  mean 
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Figure  40—2. — Adaptive  fluid  and  electrolyte  responses  to  weightlessness  (preSkylab 

hypothesis). 


loss  in  Gemini  was  about  17  percent;  in  Apollo, 
10  percent ; and  in  Skylab,  8 percent.  Further,  the 
mean  loss  in  Skylab  2,  3,  and  4 was  9.4  percent, 
8.6  percent,  and  5.9  percent  respectively.  Other 
findings  in  the  areas  of  hematology,  immunology, 
and  cellular  biology  were  not  consistently  remark- 
able as  indicated  in  table  40-XII. 

The  red  cell  mass  losses  are  apparently  related 
to  marrow  suppression  (table  40-XIII),  since 
there  is  little  evidence  to  support  increased  cell 
destruction.  The  stimulus  resulting  in  marrow 
suppression  is  not  clear  and  requires  further  study. 
Toxic  suppression  appears  remote;  physical  fac- 
tors, such  as  a pulse  of  increased  bone  marrow 
venous  pressure  should  be  investigated.  It  is  ap- 
parent also  that  there  is  no  increased  red  cell  mass 
loss  with  increased  mission  duration.  The  apparent 
diminution  in  red  cell  mass  losses  from  Gemini 


through  Skylab  may  be  a reflection  of  the  distance 
of  the  first  postflight  sampling  period  from  the 
initial  in-flight  suppressive  stimulus  (fig.  40-3). 

Clearly,  ground-based  studies  regarding  the 
bone  marrow  suppression  mechanism  must  be 
pursued.  Further  validation  of  the  Skylab  results 
should  be  pursued  on  orbital  flights  of  longer  than 
4 months’  duration,  since  the  mean  life  span  of 
the  red  blood  corpuscle  is  120  days. 

Neurophysical  and  Performance  Areas. — The 
salient  findings  in  the  neurophysiological  and  per- 
formance areas  of  Skylab  are  indicated  in  table 
40-XIV. 

Among  these  findings,  the  occurrence  of  space 
motion  sickness  symptoms  during  the  first  few 
days  of  space  flight  is  of  paramount  operational 
importance  for  the  'forthcoming  Shuttle  flights. 
Some  possible  etiological  factors  are  indicat(><l 
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table  40-XV,  although  at  the  present  time  the  true 
etiological  factor  or  factors  cannot  be  specified.  It 
would  appear  that  otolith  function  is  profoundly 
influenced  by  null  gravity  and  its  modulating  in- 
fluence perturbed ; sensory  inputs  are  accordingly 

Table  40-XI. — Fluid/ Electrolyte  Area 

Pre-Skylab  working  hypothesis 


Paradoxical  Skylab  urinary  findings : 

J,  Antidiuretic  honnone  (f  Skylab  2). 
f Aldosterone  secretion. 

\ Na"^  excretion, 
f Osmolality. 

'I'  Cortisol. 

Interpretation: 

Internal  homeostasis  maintained. 

Renal  function  maintained. 

Interaction  of  complex  humoral  (and  ? hemodynamic) 
factors  required  to  maintain  homeostasis  during 
weightlessness. 

Future  studies: 

Demonstrate  Gauer-Henry  reflex. 

Renal  hemodynamics  in  zero-g. 

Renal  response  to  water/salt  loads,  dehydration  in 
zero-g. 

Humoral  interactions  involved  in  above. 


Table  40-XII. — Skylab  Hematology,  Immunology, 
and  Cytology  Summary 

Loss  of  red  cell  mass  observed  postflight  appears  to  be 
suppression  of  red  cell  production  rather  than  increased 
destruction. 

Red  blood  cell  mass  loss  not  related  to  mission  duration. 

No  significant  changes  consistently  observed  in  humoral  or 
cellular  immune  responses. 

Cellular  proliferation  (tissue  culture)  normal  during 
space  flight. 


Table  40-XIII. — Hematologic  System 
Finding: 

Red  cell  mass  loss. 

Etiological  factor (s)  : 

Increased  destruction — no  evidence. 

Marrow  suppression : 

Toxic. 

Physical  (increased  blood  volume;  increased  bone 
hormonal  marrow  venous  pressure). 

Candidate  future  studies: 

Ground-based  marrow-suppression  factors. 

Validate  Skylab  results  on  longer  Earth-orbital  flights. 


0) 


Mission 

duration 


— — * — — Skylab  2(a) 

— — — — — — — — — — Skylab  3 ( • ) 

— — — — — — — — — — — — — — Skylab  4 ( ■ ) 

Figure  40—3. — Red  cell  mass — Skylab. 


distorted  and  appropriate  responses  are  not  forth- 
coming, since  these  are  based  on  a one-g  environ- 
mental memory  store.  Presumably,  a repatterning 
of  this  central  memory  network  must  perhaps 
occur,  so  that  new  and  unfamiliar  zero-g  sensory 
inputs  are  correctly  interpreted  and  appropriate 
motor  responses  elicited.  This  repatterning  of  the 
central  memory  core  is,  we  believe,  the  end  result 
of  the  process  of  habituation  or  adaptation.  Other 
contributory  factors  should  be  considered  such  as 
hypervolemia  or  increased  venous  pressure  effects 
on  the  vestibular  system. 

Future  studies  in  this  area  should  address  the 
problem  of  space  sickness  susceptibility  and  the  de- 
velopment of  a reliable  predictive  test  for  this 
susceptibility  in  candidate  crews  and  passengers. 
Basic  studies  should  be  pursued  relative  to  etiolog- 
ical factors  involved  in  the  space  sickness  5301- 
drome  and  the  role  of  one-g  training  in  its  pre- 
vention or  mitigation.  Finally,  improved  medica- 
tions should  be  sought  for  more  effective 
prevention  or  control  of  the  vagal  manifestations 
of  this  vestibular  disturbance  in  space. 

General  Summation 

Table  40-XVI  lists  the  general  conclusions 
reached  as  a result  of  the  Skylab  biomedical  ex- 
perience. In  substance,  the  findings  indicate  that 
man  adapts  well  to,  and  functions  effectively  in,  the 
space  environment  for  time  periods  approaching 
3 months.  Appropriate  dietary  intake  coupled  with 
adequate,  programed  exercise,  sleep,  work,  and 
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Table  40-XIV. — Skylah  Neurophysiological  and  Performance  Summary 


After  initial  in-flight  adaptive  period,  all  crewmen  show  marked  increased  tolerance  to 
motion  sickness  measured  by  rotation  and  head  movements.  Tolerance  threshold 
gradually  reverted  to  baseline  postflight.  Antimotion  medications  helpful  in  control 
of  symptoms. 

No  major  disturbances  noted  in  quantity  or  quality  of  sleep. 

Carefully  regulated  crew  work/rest  cycles  essential  for  maintaining  crew  efficiency. 

Postflight  hyperreflexia  confirmed  and  quantitated. 

Improved  in-flight  performance  efficiency  exhibited  by  all  crews. 

Overlearning  recommended  for  critical  tasks  on  short-duration  missions. 


Table  40-XV. — Skylab  Vestibular  Findings 


Possible  etiological  factors : 

Otolith  receptor  physiological  deafferentation : 

4,  Modulating  influence  on  canals. 

Direct  interaction  with  canals. 

Rule  out: 

Influence  of  hypervolemia. 

(Transient  ^ pressure)  on  vestibular  system. 

Candidate  future  studies: 

Role  of  altered  cues:  visual,  kinesthetic,  other  sensory. 
Effect  of  overhydration,  dehydration,  and  increased  ve- 
nous pressure  on  motion  sickness  threshold. 

Predictive  test  for  zero-g  space  sickness  susceptibility 
(?  parabolic  flights) 

Basic  studies  regarding  etiology. 

Role  of  one-g  training  in  prevention. 

Improved  medications  for  prevention/control. 


Table  40-XVI. — Skylab  General  Summation 


Biomedical  results  show  that  man  can  adapt  and  function  effectively  in  weightless  en- 
vironment for  extended  periods. 

Daily  in-flight  personal  exercise  regimens  coupled  with  appropriate  dietary  intake  and 
programed  adequate  sleep,  work,  and  recreation  periods  essential  for  maintaining 
crew  health  and  well-being. 

No  untoward  physiological  changes  noted  that  would  preclude  longer  duration  manned 
space  flights;  however,  research  required  to  understand  the  mechanisms  responsible 
for  many  observed  changes. 

Remedial  or  preventive  measures  may  be  required  for  mission  durations  in  excess  of  9 
to  12  months  (e.g.,  bone  demineralization  countermeasures) 

Ideally,  further  observations  of  man  in  Earth-orbit  for  an  uninterrupted  period  of  6 
months  should  precede  a Mars-type  mission. 


recreation  periods  are  essential  to  crew  health  and 
well-being.  No  untoward  physiological  responses 
have  been  noted  that  would  preclude  longer  dura- 
tion space  flights,  but  more  research  is  required 
in  order  to  understand  the  mechanisms  involved 
in  the  observed  responses. 

Finally,  remedial  or  preventive  measures  may  be 


required  for  Mars-type  missions,  and  further  study 
of  man  in  Earth-orbit  for  an  uninterrupted  6- 
month  period  should  ideally  precede  this  Mars- 
type  mission — truly  the  gateway  to  exploration  of 
the  universe:  a step  which  may  bring  man  closer 
to  answering  the  eternal  questions  of  whence  he 
came,  why  he  is  here,  and  whither  he  goes. 
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APPENDIXES 


A.I.a.  Lower  Body  Negative  Pressure  Device 
(M092) 

Robert  W.  Nolte  ^ 


The  Lower  Body  Negative  Pressure  Device  was 
used,  in  the  space  environment,  to  stress  the 
astronaut's  cardiovascular  system,  to  determine 
the  extent  and  time  course  of  his  cardiovascular 
deconditioning  and  to  determine  whether  in-flight 
data  from  experiment  M092,  Lower  Body  Nega- 
tive Pressure  (ch.  29),  would  be  useful  in  predict- 
ing postflight  status  of  oii;hostatic  tolerance. 

The  lower  portion  of  the  subject's  body  was  en- 
closed in  this  device  for  the  purpose  of  applying 
regulated  and  controlled  negative  pressure;  nega- 
tive pressure  in-flight  was  obtained  from  the 
space  vacuum. 

Hardware  Description 

Figure  A.I.a.-l  illustrates  the  Lower  Body  Neg- 
ative Pressure  Device  in  use.  It  is  configured  as  a 
cylindrical  chamber  made  of  anodized  aluminum, 
with  nominal  measurements  of  approximately  51 
centimeters  in  diameter  and  122  centimeters  in 
length.  The  cylinder  separates  longitudinally  to 
provide  access  to  the  legs  and  to  provide  ease  of 
installation  of  the  leg  bands ; closure  of  the  cylin- 
der is  effected  by  bringing  the  two  parts  together 
and  fastening  with  a Marmon  clamp.  Also  pro- 
vided are: 

1.  electrical  connections  and  wiring  for  routing 

of  the  leg  volume  measuring  system  data 
to  the  Experiment  Support  System,  and 

2.  a transducer  and  thermocouple  to  measure 

differential  pressure  and  temperature 
within  the  chamber. 

The  internal  and  external  components  of  the 
Lower  Body  Negative  Pressure  Device  which  per- 

• NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


mit  these  functions  to  be  measured  are  illustrated 
in  the  schematic,  A.I.a.-2,  and  described  as  fol- 
lows. 

Waist  Seal, — To  maintain  negative  pressure 
within  the  chamber,  movable  superior  and  lateral 
iris-like  aluminum  templates,  installed  around  the 
elliptical  opening,  are  adjustable  to  fit  snugly  to 
the  subject's  lower  waist  at  the  iliac  crests.  Above 
the  templates  a shroud-type  waist  seal  of  fire- 
resistant  Beta®  cloth  encircles  the  end  of  the  de- 
vice; it  is  fitted  closely  to  the  subject's  waist  by 
means  of  a zippered  opening  and  Velcro®  overlap 
together  with  a belt  which'  encircles  the  waist 
just  outside  the  metal  opening. 

Saddle, — An  adjustable  padded  post,  which 
serves  as  a saddle  or  crotch  restraint,  is  located 
within  the  chamber.  It  can  be  adjusted  headward 
or  footward  so  that  the  iliac  crests  of  the  subject 
are  at  the  level  of  the  metal  templates.  A trigger- 
spring-pin mechanism  is  used  to  control  the  posi- 


Ficure  A.I.a.— 1. — Lower  Body  Negative  Pressure  Device 
with  astronaut  in  postion. 
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tion  of  the  saddle.  The  holes  are  numbered  to 
permit  the  saddle  to  be  adjusted  prior  to  the  entry 
of  the  subject  into  the  chamber. 

Body  Restraint  Assembly. — The  movable  upper 
torso  restraint  assembly  supports  the  crewman’s 
upper  torso  while  his  lower  body  is  within  the 
Lower  Body  Negative  Pressure  Device.  It  retracts 
to  a stowed  position  beneath  the  chamber  when 
not  needed.  When  deployed,  it  extends  outward 
from  the  Lower  Body  Negative  Pressure  Device 
opening  for  63.5  centimeters. 

The  crewman’s  legs  are  secured  by  three  knee/ 
ankle  restraining  straps  to  keep  them  from  float- 
ing free  in  zero-gravity. 

Pressure  System. — Decreased  pressure  within 


the  device  is  provided  by  a vacuum  plenum,  or  dur- 
ing flight,  the  vacuum  of  space.  In  addition  to  a 
valve  in  this  system,  a regulator  and  vacuum  gage 
mounted  on  the  Lower  Body  Negative  Pressure 
Device  permits  fine  adjustment  of  the  pressure 
within  the  device  to  any  level  between  zero  and  50 
mm  Hg  below  ambient  pressure.  Safety  features 
include  a quick-release  valve,  easily  accessible  to 
subject  and  observer,  and  an  automatic  mecha- 
nism to  prevent  negative  pressure  from  exceeding 
65  mm  Hg.  Sensoi’s  mounted  inside  and  external 
to  the  device  provide  internal  and  ambient  tem- 
perature records.  Display  and  panel  controls, 
pressure  gage,  and  viewing  port  light  are  mounted 
on  the  outside  and  top  of  the  footward  section  of 
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Figure  A.I.a.-2. — Lower  Body  Negative  Pressure  Device  (schematic). 
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Figure  A.I.a.-4. — Block  diagram  showing  Lower  Body  Nega- 
tive Pressure  Device  operational  pathways. 


Figure  A.I.a.— 3. — Components  of  the  Lower  Body  Negative 
Pressure  Device. 


the  chamber;  these  are  illustrated  in  figure 
A.I.a.-3. 

System  Opemtion. — Pressure  within  the  Lower 
Body  Negative  Pressure  Device  is  vented  to  space 
via  the  vacuum  release  valve,  pressure  regulator 
and  main  shutoff  valve  as  shown  in  figure 
A.I.a.-4.  The  pressure  is  maintained  by  setting 
the  vacuum  regulator  at  zero  to  50  mm  Hg  below 


cabin  ambient.  Regulator  adjustment  is  monitored 
by  visual  observation  of  the  vacuum  gage.  The 
vacuum  release  valve  is  arranged  in  series  with  the 
vacuum  regulator  from  the  chamber.  When  actu- 
ated, the  vacuum  release  valve  blocks  the  applica- 
tion of  vacuum  from  the  regulator  to  the  chamber 
and  vents  the  chamber  to  cabin  ambient.  The 
vacuum  release  valve  may  be  actuated  by  a crew- 
man or  by  response  of  the  sense  line  to  a negative 
chamber  pressure  of  65  mm  Hg  or  greater. 

Conclusions. — The  hardware  for  the  Lower 
Body  Negative  Pressure  Device,  as  used  in  experi- 
ment M092,  operated  in  a satisfactory  manner. 
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A.Lb.  Leg  Volume  Measuring  System  (M092) 

Robert  W.  Nolte  “ 


The  Leg  Volume  Measuring  System  is  used  to 
measure  leg  calf  girth  changes  that  occur  during 
exposure  to  lower  body  negative  pressure  as  a 
result  of  pooling  of  blood  and  other  fluids  in  the 
lower  extremities. 

The  conventional  method  of  measuring  leg  vol- 
ume changes  in  a laboratory  employs  a Whitney 
gage  which  could  not  be  used  for  the  Skylab 
sensor  since  it  employs  mercury.  Mercury  is  re- 
stricted from  spacecraft  usage  because  of  its 
poisonous  nature  and  the  consequences  in  the 
event  of  leakage.  To  circumvent  this  problem,  a 
capacitance  sensor  was  used  in  the  system. 

Equipment  and  Operations 

Changes  in  the  circumference  of  the  subject’s 
legs  are  sensed  by  a leg  volume  measuring  sensor. 
The  information  and  readout  is  in  percent  volume 
change  during  operation  of  the  M092  experiment. 
Components  and  functions  of  the  Leg  Volume 
Measuring  System  (figs.  A.I.b.-l,  views  (a)  and 
(b) ) are: 

Right  and  left  leg  bands  to  sense  circumferen- 
tial changes  in  a subject’s  legs. 

A signal  conditioner  to  condition  the  data  sig- 
nals received  from  the  leg  bands. 

Reference  adapter  to  display  percentage  of  leg 
volume  change  on  the  Experiment  Support 
System. 

Spacers,  and  Experiment  Support  System 
mounted  NULL,  GAIN  and  meter  displays  to 
route  conditioned  data  signals  to  the  Experi- 
ment Support  System  distributor  for  trans- 
mittal to  the  Airlock  Module  Telemetry 
System. 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


Leg  Band. — Cross-section  shows  the  capacitance- 
type  leg  band  to  be  configured  in  four  layers:  a 
metal  outer  shield,  a layer  of  open-cell  polyure- 
thane foam,  a center  (active)  metal  band,  and 
a compressible  inner  layer  of  open-cell  poly- 
urethane foam  (fig.  A.I.b.-2).  These  four  layers 
are  bonded  to  each  other.  A catch  is  on  one  end 
of  the  center  of  the  active  metal  band  and  a con- 
stant force  spring  of  20±2  grams  with  a cable, 
catch  pin,  and  lock  attached  to  the  other  end.  A 
printed  circuit  card  containing  a demodulator  and 
calibration  electronics  is  attached  to  the  center 
band  at  the  spring  end  of  the  assembly.  The  length 
of  the  leg  band  is  adjustable  up  to  2.54  cm  (1  in.) ; 
hence,  the  four  manufactured  lengths  (sizes)  of 
33-36,  36-38,  38-41,  41-43  cm  (13-14,  14-15, 
15-16,  16-17  in.)  were  originally  selected  to  cover 
the  leg  sizes  of  the  astronaut  population.  A fifth 
size,  30.5-33  cm  (12-13  in.)  was  introduced  after 
the  first  Skylab  mission  because  of  the  greater 
than  anticipated  decrease  in  calf  size  as  a I’esult 
of  weightless  space  flight.  The  subject’s  leg  serves 
as  one  plate  of  a capacitor ; the  center  band  is  the 
other  plate  and  the  foam  (97  percent  air)  is  the 
dielectric.  The  leg  band  is  attached  around  the 
subject’s  leg  and  tension  is  supplied  by  the  force  of 
the  20-gram  spring.  Operation  of  the  lock  pre- 
vents circumferential  changes  to  the  leg  band  from 
occurring.  As  pressure  within  the  Lower  Body 
Negative  Pressure  Device  is  reduced,  the  subject’s 
leg  expands.  The  leg  expansion  brings  the  surface 
of  the  leg  closer  to  the  active  band  and  increases 
the  capacity  presented  to  the  demodulator  cir- 
cuitry. A signal  is  then  sent  from  the  demodulator 
to  the  Leg  Volume  Measuring  System  electronics 
in  the  Experiment  Support  System  distributor  for 
conversion  to  percent  leg  volume  change;  this  is 
displayed  on  the  Experiment  Support  System 
panel  meter. 

Signal  Conditioner. — The  signal  conditioner  in- 
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Figure  A.l.b.-la. — Leg  Volume  Measuring  System. 


stalled  in  the  Experiment  Support  System  dis- 
tributor, generates  a 100  kHz  signal.  It  receives 
leg  volume  measurement  data  from  the  Leg  Vol- 
ume Measuring  System  leg  bands  and  conditions 
that  data  after  which  it  is  routed  to  the  Experi- 
ment Support  System  distributor  for  transmittal 
to  the  Airlock  Module  Telemetry  System  and  to 
the  Experiment  Support  System  Lower  Body 
Negative  Pressure  subpanel. 

Reference  Adapter. — The  2-inch  wide  stainless 
steel  band  reference  adapter  (fig.  A.I.b.-3)  is 


Figure  A.I.b.-lb. — Leg  Volume  Measuring  System. 
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placed  on  the  subject’s  right  leg.  It  is  sized  to 
accept  a leg  band  and  to  expose  it  to  the  intei’nal 
Lower  Body  Negative  Pressure  Device  environ- 
ment. Rigid  construction  prevents  volumetric  ex- 
pansions of  the  right  leg  from  influencing  the  elec- 
trical output  of  a leg  band  installed  over  the 
reference  adapter.  The  leg  band  installed  over  the 
reference  adapter  is  responsive  only  to  tempera- 
ture and  humidity  and  is  used  to  correct  the 
measurement  band  on  the  left  leg  for  these  con- 
ditions. 

Spacers. — The  large  spacer  (fig.  A.I.b.-l,  view 
b)  is  used  to  stabilize  the  reference  adapter  in 
position  on  and  in  electrical  contact  with  the 
subject’s  right  leg  near  the  ankle  (fig.  A.I.b-3). 
The  long  spacer  is  used  to  fill  large  voids  that 
occur  between  the  subject’s  leg  and  the  upper 
calibration  plate  of  the  left  leg  band  when  this 
leg  band  is  used  near  its  maximum  size  position. 

System  Operation 

A stable  multivibrator  provides  a 100  kHz, 
±7.5  volt  peak-to-peak  signal  as  an  excitation 
voltage  to  the  capacitive  transducers  for  both  the 
left  and  right  legs  (fig.  A.I.b.-4).  This  100  kHz 
signal  is  crystal  controlled  for  frequency  stability. 
Following  the  oscillator  is  a buffer  amplifier  which 
provides  a current  gain  greater  than  8.5  milliamps 
to  drive  the  interconnecting  cable  connections  and 
the  Zener  diode  clamping  networks  associated 
with  the  capacitive  transducer. 

The  Zener  diode  clamps  the  incoming  7.5  V 
peak-to-peak  signal  to  approximately  6.5  V peak- 
to-peak.  This  6.5  V peak-to-peak  signal  is  then 
sent  to  an  R-C  integrator  network.  The  positive 
voltage  only  across  the  capacitor  of  this  R-C 
integrator  is  then  peak  detected  by  a diode.  The 
positive  peak  detected  100  kHz  signal  is  then  sent 
to  the  amplifier  stage.  The  input  of  the  amplifier 
stage  incorporates  the  filter  for  the  positive  half 
of  the  incoming  signal.  With  a nominal  25  pF 
initial  capacitance  the  input  to  the  first  stage 
amplifier  is  approximately  3.0  V d.c.  This  3.0  V 
d.c.  signal  is  offset  in  the  second  stage  of  amplifi- 
cation by  a controlled  voltage  divider  network  with 
the  offset  controls  mounted  on  the  Experiment 
Support  System  panel.  By  using  this  control  the 
initial  capacitance  is  zeroed  (or  nulled)  out  and 
only  the  delta  changes  in  capacitance  are  ampli- 
fied. The  output  of  the  signal  conditioner  ranges 


from  0.0  V d.c.  to  5.0  V d.c.  which  corresponds  to 
a leg  volume  change  of  —1  to  -1-5  percent.  This 
output  is  displayed  on  the  Experiment  Support 
System  panel  and  fed  to  the  telemetry  system 
simultaneously. 

The  system  calibration  is  performed  on  each  leg 


Demodulator 


Figure  A.I.b.-2. — Leg  band  components 


Figure  A.I.b.— 3. — Reference  adapter  and  leg  band  in  posi- 
tion on  subject. 
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Figure  A.I.b.-4. — Block  dia^am  of  system  operation. 


independently  utilizing  the  null  and  gain  adjust- 
ment controls.  Calibration  plates  located  in  the  leg 
band  establish  a known  capacitance  to  the  leg. 
After  the  entire  band  assembly  is  placed  upon  the 
left  leg  the  initial  capacitance  between  the  active 
band  and  the  leg  is  nulled  to  a nominal  output  volt- 
age (0.0  V d.c.  ±100  mV  d.c.).  When  a +28  V d.c. 
signal  is  received  by  the  left  leg  band,  a relay  closes 
which  connects  the  left  leg  band  calibration  plate 
(known  capacitance)  in  parallel  with  the  leg-to- 
active  band  capacitance.  The  left  gain  control  is 
adjusted  for  the  correct  reading  on  the  Experiment 
Support  System  meter  display.  The  correct  reading 
is  a number  (between  2 and  4.5)  which  is  prede- 
termined and  marked  on  each  leg  band.  The  same 
procedure  is  then  used  for  the  right  leg  band. 

The  Leg  Volume  Measuring  System  design  in- 


cluded no  temperature  and  humidity  compensation 
provisions.  The  uncertain  variation  of  these  en- 
vironments within  the  Lower  Body  Negative 
Pressure  Device  resulted  in  the  assignment  of  the 
right  leg  band  as  a temperature  and  humidity 
sensor.  It  is  installed  on  the  subject's  right  leg  over 
the  reference  adapter  and  is  therefor  insensitive 
to  changes  in  leg  girth.  This  compromise  prevents 
independent  leg  volume  change  measurements  and 
the  use  of  the  output  from  both  leg  bands  as  a 
better  indication  of  blood  pooling. 

The  meter  display  on  the  Experiment  Support 
System  is  not  a direct  reading  (i.e.,  the  readings 
were  not  accurate  percent  leg  volume  changes). 
This  is  the  result  of  manufacturing  variability 
which  existed  among  leg  bands.  Approximately  70 
leg  bands  in  four  different  sizes  were  fabricated 
initially  for  the  Skylab  Program.  Time,  cost,  and 
quantities  were  factors  which  precluded  tighten- 
ing the  manufacturing  tolerances  to  achieve  an 
accurate  direct  reading  of  the  meter.  This  vari- 
ability was  compensated  for  through  the  use  of 
separate  calibration  curves  for  each  leg  band. 
The  Experiment  Support  System  meter  display 
was  used  only  to  null  the  primary  leg  band  signal 
after  installation  on  the  subject  and  then  to  set 
the  gain  to  their  individual  values. 

Conclusions 

The  hardware  for  the  Leg  Volume  Measuring 
System,  as  used  in  experiment  M092,  operated  in 
a satisfactory  manner. 
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A.I.C.  Automatic  Blood  Pressure  Measuring 
System  (M092) 

Robert  W.  Nolte  * 


The  Blood  Pressure  Measuring  System  meas- 
ures blood  pressure  by  the  noninvasive  Korotkoff 
sound  technique  on  a continual  basis  as  physical 
stress  is  imposed  during  experiment  M092,  Lower 
Body  Negative  Pressure,  and  experiment  M171, 
Metabolic  Activity. 

Equipment 

Specifically  the  Automatic  Blood  Pressure 
Measuring  System: 

Senses  systolic  and  diastolic  blood  pressures. 

Provides  a light  display  of  K-sounds. 

Conditions  raw  data  signals. 

Senses  systolic  and  diastolic  blood  pressures. 

Routes  conditioned  data  to  the  Experiment 
Support  System. 

Provides  a numeric  display  of  blood  pressure 
(SYSTOLIC,  DIASTOLIC). 

Provides  a visual  check  on  blood  pressures 
(through  the  aneroid  gage). 

The  four  components  of  the  Blood  Pressure 
Measuring  System  are:  cuff  assembly,  electronics 
module,  aneroid  gage,  and  gas  umbilical. 

Cuff  Assembly- — The  cuff  assembly  contains  the 
pressure  bladder,  gas  connector  and  gas  line, 
pressure  transducer,  K-sound  microphone,  pre- 
amplifier, electrical  connector  and  wiring  (fig. 
A.I.c.-l). 

Electronic  Module. — Located  on  the  top  right 
side  of  the  Experiment  Support  System,  the  elec- 
tronic module  contains  the  controls  to  obtain  and 
display  brachial  blood  pressure  (fig.  A.I.C.-2). 
SYSTOLIC  and  DIASTOLIC  pressures  are  dis- 
played on  three-digit  separate  counters.  K- 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


SOUNDS  detected  by  the  microphone  in  the  Blood 
Pressure  Measuring  System  cuff  assembly  are 
momentarily  displayed  as  a green  light  as  they 
occur.  The  CUFF  PRESSURE  PROGRAM  is  con- 
trolled by  the  MODE  SEl^ECT  dial  and  CUFF 
INFLATE  switch.  Pneumatic  components  to  in- 
flate and  deflate  the  cuff  assembly  are  also  located 
within  the  Electronic  module  and  include  a pres- 
sure regulator,  gas  reservoir,  solenoid  valves,  and 
a bleed  down  orifice.  The  UMB  GAS  connector 
on  the  front  panel  is  the  interface  point  for  the 
pneumatics  in  the  Electronic  module  and  the  cuff 
assembly.  Signal  conditioners  receive  K-sounds 
and  occlusion  cuff  pressure  from  the  cuff  assembly 
and  condition  the  data  before  routing  it  to  the 
Experiment  Support  System  distributor  for  trans- 
mittal to  the  Airlock  Module  Telemetry  System 
and  to  the  Blood  Pressure  Measuring  System 
displays.  Gaseous  nitrogen  (GN2)  comes  from  the 
Orbital  Workshop  via  the  Experiment  Support 
System. 

Aneroid  Gage. — In-flight  this  gage  (fig. 
A.I.C.-3)  is  mounted  on  the  subject  interface  box 


Cuff 


Pressure 

transducer 

Microphone 


connector 


connector 


Figure  A.I.c.-l. — CuflF  assembly. 
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and  is  connected  to  the  gas  umbilical  of  the  Blood 
Pressure  Measuring  System.  It  measures  and  in- 


dicates cuff  pressure  and  is  used  only  as  a backup 
and  visual  check  of  the  SYSTOLIC  and  DIA- 
STOLIC displays  in  the  operation  of  the  Blood 
Pressure  Measuring  System  module. 

Gas  Umbilical. — The  gas  umbilical  carries  gas 
to  the  cuff  assembly  pressure  bladder  and  returns 
the  vented  gas  from  the  bladder  to  the  vents  at 
the  bottom  of  the  Blood  Pressure  Measuring 
System.  During  experiment  activation  at  the 
beginning  of  each  mission  it  is  fastened  to  the 
vectorcardiograph  umbilical  by  a series  of 
Velcro®  tabs  to  simplify  the  handling  of  two 
cables. 

System  Operation 

Th’e  in-flight  technique  for  blood  pressure  deter- 
mination is  similar  to  the  clinical  approach  using 
the  auscultatory  principle  discovered  by  Korot- 
koff.  However,  in  the  Automatic  Blood  Pressure 
Measuring  System  (fig.  A.I.c-4)  a microphone 
replaces  the  stethoscope,  a gas  pressure  and 
valving  system  replaces  the  squeeze  bulb,  and  a 
quantitative  electronics  circuit  replaces  the  clini- 
cian (Korotkoff  sound  amplitude  and  frequency 
comparison) . 

The  Blood  Pressure  Measuring  System  operates 
from  28  V d.c.  and  high  pressure  [150  psia]  GN2 
which  are  both  supplied  at  the  Experiment  Sup- 
port System  interface.  The  electronic  module  con- 


Figure  A.I.c.— 2. — Electronics  module. 


Figure  A.I.c.-S. — Aneroid  gage. 
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M093 

heart 


K-sounds  beat  V d.c. 


tains  a power  supply  for  its  required  operating 
voltages  of  plus  and  minus  10  V,  +5  V,  and  +28 
V.  The  high  pressure  GN2  is  regulated  down  to 
400  mm  Hg  for  safe  system  operation. 

A typical  Blood  Pressure  Measuring  System 
operating  cycle  is  automatically  repeated  for  each 
blood  pressure  determination  as  follows : 

1.  The  occlusion  cuff  is  filled  to  a pressure 

higher  than  the  anticipated  systolic  blood 
pressure  by  placing  the  Cuff  Inflate  switch 
to  START.  The  design  allows  for  three 
maximum  pressures : 160  mm  Hg,  200  mm 
Hg  and  250  mm  Hg. 

2.  Switching  is  set  at  the  peak  of  the  fill  pres- 

sure such  that  the  amplitude  of  filtered 
(17  to  27.5  Hz)  K-sounds  can  be  compared 
to  the  amplitude  of  unfiltered  K-sounds. 

3.  Occlusion  cuff  pressure  begins  to  decay  im- 


mediately upon  completion  of  the  fill  since 
the  ''bleed  down’’  orifice  is  always  open. 

4.  As  cuff  pressure  approaches  systolic  blood 

pressure,  sound  bursts  immediately  fol- 
lowing each  heart  beat  are  sensed  by  the 
microphone;  when  the  amplitude  of  the 
filtered  (17  to  27.5  Hz)  sounds  reaches  45 
percent  of  the  amplitude  of  the  unfiltered 
sound  burst,  the  criterion  for  systolic 
blood  pressure  is  achieved. 

5.  As  systolic  criterion  is  achieved,  a voltage 

proportional  to  cuff  pressure  is  switched 
to  the  systolic  telemetry  output,  and  the 
three-digit  systolic  display  is  updated  with 
the  cuff  pressure  in  millimeters  of  mercury 
(Systolic  Blood  Pressure).  The  three-digit 
diastolic  display  goes  blank  and  switching 
is  changed  so  that  the  previously  stored 
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amplitude  of  filtered  (40  to  60  Hz)  K- 
sounds  can  be  compared  to  the  peak  ampli- 
tude of  the  filtered  (40  to  60  Hz)  K-sounds. 

6.  As  cuff  pressure  continues  to  decay,  the 

amplitude  of  the  filtered  sounds  (40  to  60 
Hz)  increases  to  a peak  and  then  begins  to 
decrease.  Each  sound  burst  is  compared  to 
the  peak  and  when  the  amplitude  of  the 
decreasing  filtered  sound  bursts  is  between 
17  and  5 percent  of  the  peak  amplitude, 
the  diastolic  blood  pressure  criterion  is 
achieved.  At  the  instant  of  each  sound  a 
voltage  proportional  to  cuff  pressure  is 
switched  to  the  diastolic  telemetry  and 
also  stored  in  the  A to  D converter. 

7.  At  the  instant  of  the  first  sound  burst,  with 

amplitude  less  than  17  percent  of  the  peak 
(diastolic  criterion),  a 3-second  timer  is 
started.  If  a sound  burst  with  amplitude 
greater  than  17  percent  of  the  peak  is 
subsequently  detected  during  the  3-second 
interval  the  timer  is  restarted  and  the 
voltage  representing  cuff  pressure  at  the 
diastolic  telemetry  and  A to  D converter  is 
updated. 

8.  Once  the  3-second  timer  completes  its  3- 

second  period  without  additional  sound 
bursts  greater  than  17  percent  of  the 
peak,  the  voltage  representing  cuff  pres- 
sure which  was  stored  at  the  A to  D con- 
verter is  converted  and  the  three-digit 
diastolic  display  is  turned  on  displaying  the 
diastolic  blood  pressure  in  millimeters  of 
mercury.  The  cuff  pressure  which  de- 
creases at  about  7 mm  Hg  per  second  is 
then  rapidly  dumped  to  ambient  at  the  end 
of  the  3-second  period.  This  completes  a 
typical  cycle. 

The  cycle  repeat  rate  can  be  selected  by  the 
operator  to  be  30  seconds  or  60  seconds.  If  the 
30-second  measurement  interval  is  selected  the  oc- 
clusion cuff  fills  to  a pressure  of  160  mm  Hg. 
In  the  60-second  measurement  mode  two  maxi- 
mum cuff  pressures  are  available  to  the  operator, 
200  mm  Hg  and  250  mm  Hg.  An  additional 
operating  mode,  which  is  not  repeated  automatic- 
ally, can  be  selected.  It  is  activated  by  the  start 
switch  and  fills  the  cuff  to  250  mm  Hg  but  does 
not  repeat  until  the  start  switch  is  recycled. 


Additional  features  besides  the  automatically 
repeated  cycle  should  be  noted. 

Artifact  noise  rejection.  This  feature  makes 
use  of  a signal  supplied  by  the  M093  vector- 
cardiograph. At  each  QRS  complex  of  the 
heart  the  vectorcardiograph  supplies  a switch 
closure  which  the  Blood  Pressure  Measuring 
System  uses  to  generate  an  “operating  win- 
dow.” The  “operating  window”  is  a time 
interval  during  which  the  filters  will  accept 
sound  burst  signals  from  the  microphone  sig- 
nal preamplifier.  There  is  a 62.5  ms  delay 
from  the  QRS  complex  switch  closure,  which 
represents  minimal  propagation  time  from  the 
heart  to  the  left  brachial  artery,  after  which 
signals  are  accepted  for  275  ms.  If  no  vector- 
cardiographic  heart  beat  signal  is  present, 
the  Blood  Pressure  Measuring  System  auto- 
matically opens  the  “window”  after  a 2- 
second  search  and  then  accepts  all  sound 
bursts  from  the  arm. 

Secondary  output  voltages.  The  Blood  Pressure 
Measuring  System  has  parallel  0 to  5 V out- 
puts representing  systolic  (50  to  250  mm  Hg) 
and  diastolic  (40  to  140  mm  Hg)  blood  pres- 
sure. The  primary  signal  is  used  by  telemetry 
and  the  parallel  signal  is  used  for  driving 
displays  in  the  Experiment  Support  System. 

Automatic  two  level  calibration  feature.  Upon 
receipt  of  a 28-V  signal  at  the  LOW  CAL 
input  a shunt  resistance  is  applied  to  the 
pressure  transducer  forcing  a known  70±2 
mm  Hg  reading  on  both  systolic  and  diastolic 
displays  as  well  as  the  corresponding  voltage 
for  telemetry  and  secondary  display  outputs. 
When  the  28-V  signal  is  received  at  the  HI 
CAL  input  all  outputs  read  130  ±5  mm  Hg. 

Conclusions 

The  hardware  for  the  Automatic  Blood  Pres- 
sure Measuring  System,  as  used  in  experiment 
M092,  operated  in  a satisfactory  manner. 
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A system  for  quantitating  the  cardiac  electrical 
activity  of  Skylab  crewmen  was  required  for  three 
medical  experiments  (M092,  Lower  Body  Nega- 
tive Pressure;  M171,  Metabolic  Activity;  and 
M093,  In-flight  Vectorcardiogram)  designed  to 
evaluate  the  effects  of  space  flight  on  the  human 
cardiovascular  system.  A Frank  lead  vectorcardio- 
graph system  was  chosen  for  this  task  because  of 
its  general  acceptability  in  the  scientific  com- 
munity and  its  data  quantification  capabilities.  To 
be  used  effectively  in  space  flight,  however,  the 
system  had  to  meet  certain  other  requirements. 

The  system  was  required  to  meet  the  specifica- 
tions recommended  by  the  American  Heart 
Association. 

The  vectorcardiograph  had  to  withstand  the 
extreme  conditions  of  the  space  environment. 

The  system  had  to  provide  features  that  per- 
mitted ease  of  use  in  the  orbital  environment. 

The  vectorcardiograph  system  performed  its  in- 
tended function  throughout  all  the  Skylab  mis- 
sions without  a failure.  A description  of  this 
system  follows. 

System  Description 

The  major  hardware  components  of  the  Skylab 
Vectorcardiograph  System,  shown  pictorially  in 
figure  A.I.d.-l  and  schematically  in  figure 
A.I.d.-2,  include  an  electrode  harness,  a subject 
interface  box,  an  electrical  umbilical,  and  an  elec- 
tronics module. 

The  electrode  harness  consists  of  the  eight  elec- 
trodes (seven  active  and  one  ground  refer- 
ence) necessary  for  Frank  resistor  network 
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summing,  interconnecting  wiring,  and  con- 
nectors. The  electrical  potentials  on  the  sub- 
ject's skin  are  detected  by  the  electrodes 
placed  on  the  upper  part  of  the  torso.  Figure 
A.I.d.-3  shows  the  electrode  placement  and 
designation.  The  right  sacrum  (RS)  elec- 
trode served  as  the  reference.  The  only  al- 
teration from  the  Frank  system  electrode 
placement  was  shift  of  the  right  and  left  leg 
electrodes  to  right  and  left  sacral  areas,  re- 
spectively. 

The  subject  interface  box  provides  in  series 
with  each  electrode  lead:  electrostatic  dis- 
charge protection,  electroshock  protection 
and,  except  for  the  right  sacrum  electrode,  a 
preamplifier. 

To  protect  the  Vectorcardiograph  System 
inputs,  an  electrostatic  discharge  protec- 
tion system  was  provided  as  tests  had 


■ 


Figure  A.I.d.-l. — Skylab  Vectorcardiograph  System, 
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Figure  A.Ld.— 2. — Functional  diagram  of  the  Vectorcardiograph. 


shown  that,  in  the  Skylab  environment, 
a subject  could  build  up  a body  surface 
charge  of  as  many  as  3000  V.  It  was 
reasonable  to  assume  that  this  accumu- 
lated charge  could  be  instantaneously 
discharged  into  the  vectorcardiograph 
inputs,  for  example,  when  the  subject 
first  connected  himself  to  the  system. 
Thus,  the  Skylab  vectorcardiograph  was 
designed  to  withstand  an  instantaneous 
discharge  directly  into  the  inputs  from 
a subject  charged  to  3000  V. 

If  the  subject  contacts  a dangerous  electri- 
cal source  outside  the  vectocardiograph 
or  if  a dangerous  electrical  source  is 
generated  by  a failure  within  the  vector- 
cardiograph, the  electroshock  protection 
circuitry  in  each  lead  will  limit  the  cur- 
rent through  the  body  to  less  than  200 
nA  for  source  voltages  as  high  as  200  V 
peak  and  frequencies  from  direct  current 
to  1 kHz.  The  unity  gain  preamplifier 


provides  impedance  buffering  between 
the  high  input  impedance  from  the  body 


Z-axis 


Figure  A.I.d.-3. — Electrode  placement  on  subject’s  torso. 
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and  the  low  impedance  Frank  resistor 
network. 

The  electrical  pathway  between  the  subject  in- 
terface box  and  the  electronic  module  is  pro- 
vided by  a 3.3-m  (11  ft)  long  umbilical.  One 
end  of  the  umbilical  mates  with  the  subject 
interface  box;  the  other  end,  with  zero-g 
connector,  connects  to  the  Experiment  Sup- 
port System  in  which  the  electronics  module 
was  installed. 

The  electronics  module  is  the  core  of  the  Vector- 
cardiograph System.  It  weighs  approxi- 
mately 5 kg  (11  lb)  and  measures  29  by 
15  by  20  cm  (11.5  by  6 by  8 in.) . The  follow- 
ing components  are  located  in  the  electronics 
module. 

A standard  Frank  lead  resistor  network 
with  the  value  of  ''R''  set  at  10  kQ. 
Electrical  signals  from  each  of  the  seven 
active  electrodes  are  combined  in  the 
network  to  produce  the  x,  y,  and  z leads 
of  the  vectorcardiograph.  Each  of  the 
three  outputs  of  the  Frank  lead  network 
is  routed  to  an  identical  signal  condi- 
tioner. 

Signal  conditioners  to  provide  waveform 
shaping,  noise  rejection,  and  amplifica- 
tion. A 10-Hz  oscillator  provides  a 500- 
/aV,  peak-to-peak,  square  wave  signal  for 
calibration  of  the  three  signal  condition- 
ers. 

An  electrode  check  device.  The  10-Hz  oscil- 
lator also  provides  a 0.5  /aA  constant 
current  source  for  checkout  of  electrode- 
to-skin  impedance.  The  value  of 
electrode-to-skin  impedance  for  each 
electrode  is  checked  before  an  experi- 
ment run  with  the  electrode  check  sys- 
stem.  Any  electrode  that  did  not  meet 
the  100-kQ  requirement  was  replaced. 


An  isolation  measurement  system  to  deter- 
mine the  electrical  isolation  of  the  sub- 
ject from  structure  ground.  In  using  this 
system  to  verify  isolation  greater  than 
1 Mn,  the  subject  would  have  the  same 
protection  as  that  provided  by  the  elec- 
troshock protection  system  if  he  con- 
tacted a current  source  outside  the 
vectorcardiograph. 

A system  to  determine  the  subject’s  heart 
rate  from  the  vectocardiograph  output. 
The  measurement  was  telemetered  to  the 
ground  and  simultaneously  displayed  in 
the  Skylab.  This  was  one  of  the  key  pa- 
rameters used  to  monitor  the  condition 
of  the  subject  during  several  biomedical 
experiments.  The  range  of  the  heart  rate 
system  was  from  40  to  200  heart  beats 
per  minute. 

A circuit  to  maintain  output  bias.  The  bias 
control  circuit  maintained  the  baseline 
of  the  output  signal  automatically  at  a 
predetermined  level  even  during  periods 
of  exercise  by  the  subject,  thereby  free- 
ing the  observer  for  other  tasks. 

A transient  recovery  circuit.  If  a transient 
voltage  occurred  at  the  inputs  and 
caused  the  output  voltages  to  go  off  scale, 
the  transient  recovery  circuit  would  re- 
turn the  output  signal  to  the  baseline 
condition  without  any  effort  on  the  part 
of  the  observer. 
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A.I.e.  In-flight  Blood  Collection  System 


John  M.  Hawk® 


The  hardware  selected  to  obtain  and  partially 
process  human  blood  samples  during  the  Skylab 
missions  consists  of  the  following  three  major 
items:  a centrifuge,  an  evacuation  regulator,  and 
a Beta®  cloth  bag. 

Hardware  Description 

The  centrifuge  operates  on  spacecraft  28  V d.c. 
power,  is  attached  to  the  wardroom  wall,  and  is 
electronically  controlled  for  speed  and  duration  of 
operation.  It  displaces  a volume  of  about  51.0 
cubic  liters  (1.8  ft^)  and  weighs  less  than  13.6  kg 
(30  lb).  The  centrifuge  head  is  configured  to  con- 
tain and  restrain  the  blood  processor:  in  addition, 
it  has  various  features  which  enhance  the  safety 
of  its  operation. 

The  evacuation  regulator  is  a small  aneroid 
device  connected  to  spacecraft  vacuum  source 
plumbing  by  a quick  disconnect;  it  can  be  adjusted 
to  regulate  discharge  into  space  vacuum.  Insertion 
of  the  blood  processor  into  a recessed  area  of  the 
regulator  causes  a hollow  needle  to  penetrate  a 
rubber  seal  or  septum  in  the  end  of  the  processor. 
Exposure  to  vacuum  then  lowers  internal  proces- 
sor pressure  to  the  regulated  value  of  2.8  kPa 
(21  mm  Hg).  Establishment  of  the  correct  pres- 
sure differential  is  essential  to  transference  of  the 
precise  quantity  of  blood  to  the  processor  for 
separation  without  contamination  of  the  plasma 
from  the  red  cells.  The  processor  is  removed  from 
the  regulator  immediately  before  the  blood  is 
ejected  from  the  syringe. 

The  Automatic  Sample  Processor  kit  is  con- 
figured as  a Beta®  cloth  storage  bag.  It  has 
Velcro®  sewn  on  the  outside  for  attachment  of 
the  bag  during  use  and  for  anchoring  small  items 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
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needed  during  the  blood  drawing  procedure.  It 
stores  and  protects  the  syringes  and  needles,  the 
automatic  sample  processors,  the  tourniquet,  the 
fixed-blood  sampling  vials,  and  the  swabs  for 
sterilizing  the  site  of  the  venipuncture.  The  sy- 
ringes, needles,  sampling  vials.  Automatic  Sample 
Processors,  and  swabs  are  vacuum  sealed  in  sep- 
arate flexible  aluminum  envelopes.  Spare  needles 
for  the  regulator  and  adhesive,  colored,  identifica- 
tion dots  are  also  stored  in  the  bag.  The  Beta® 
bag  and  its  contents  are  shown  in  figure  A.I.e.-l. 

Procedure 

A standard  20-ml  syringe  containing  a small 
amount  of  anticoagulant  and  marked  with  a tape 
at  11.5  ml  is  used  to  draw  the  blood.  About  0.1  ml 
of  whole  blood  is  first  ejected  into  a 2-ml  Lexan® 
vial  containing  1 ml  of  a 0.5  percent  concentration 
of  gluteraldehyde  as  a fixative.  The  remainder  of 
the  whole  blood  in  the  syringe  is  then  ejected  into 
the  evacuated  Automatic  Sample  Processor.  Sepa- 
ration of  the  plasma  from  red  cells  and  the 
preservation  of  this  separation,  in  the  zero-g 
environment  of  space,  is  accomplished  in  the 
Automatic  Sample  Processor  shown  in  figure 
A.I.e.-2  and  the  centrifuge  shown  in  figure 
A.I.e.— 3.  These  unique  features  make  it  possible  to: 

Clear  plasma  of  99.99  percent  of  the  red  cellular 
elements. 

Transfer  the  plasma  from  the  blood  chamber 
to  the  plasma  cartridge  automatically. 

Seal  plasma  in  a sepai’ate  cartridge  for  freezing 
and  retui'n. 

Return  the  red  cells  and  a small  amount  of 
plasma  in  the  blood  chamber  for  fi’eezing  and 
retuiTi. 

The  specially  designed  centrifuge  (fig.  A.I.e.-3) 
is  built  to  contain  the  automatic  sample  processors 
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Figure  A.I.e.— 1. — Beta®  Cloth  Storage  Bag  and  contents. 
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Figure  A.I.e.-2. — Automatic  Sample  Processor. 


and  to  spin  them  at  the  proper  speeds  for  separa- 
tion and  transfer. 

Before  placing  the  Automatic  Sample  Processor 
in  the  centrifuge,  the  plasma  cartridge  shown  in 
its  stowage  position  in  figure  A.I.e.-2,  is  with- 
drawn from  the  end  of  the  Automatic  Sample 
Processor,  rotated  180°  about  a transverse  axis 
and  reinserted  in  the  Automatic  Sample  Processor 
with  its  septum  next  to  the  needle.  Springs  in  the 
centrifuge  head  work  with  the  spring  in  the  Auto- 
matic Sample  Processor  to  cause  septum  penetra- 
tion at  the  proper  time. 


The  Automatic  Sample  Processor  regulator  with 
Automatic  Sample  Processor  is  shown  in  figure 
A.I.e.-4. 

Conclusions 

Operation  and  use  of  the  In-flight  Blood  Collec- 
tion System  in  the  space  environment  of  Skylab 
has  demonstrated  the  workability  of  the  method 
and  hardware.  Uniformity  of  plasma  quantity 
from  sample  to  sample  was  the  most  troublesome 
problem.  Variations  occurred  because  of  daily 
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Figure  A.I.e.-3. — Centrifuge. 
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Figure  A.I.e.-4. — Automatic  Sample  Processor  Evacuation  Regulator  with  Automatic 

Sample  Processor. 


changes  in  hematocrit,  operator  technique,  and 
automatic  sample  processor  evacuation  pressure. 
Too  little  plasma  was  obtained  when  less  than  11.5 
ml  of  whole  blood  was  transferred  to  the  auto- 
matic sample  processor  and  too  high  a level  of 
red  cell  contamination  in  the  plasma  occurred 
when  too  much  whole  blood  was  transferred.  Op- 
eration of  the  centrifuge  was  flawless. 
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A.I.f.  Ergometer 

John  D.  Lem  * 


The  bicycle  ergometer  was  designed  for  use  in 
experiments  M171  and  M093  and  for  use  in  op- 
tional exercise  by  the  crewmen.  The  ergometer 
allows  a crewman  to  exercise  in  zero-gravity 
using  either  his  hands  or  his  feet  (fig,  A.I.f.-l). 
It  provides  a precisely  calibrated  and,  if  needed, 
a programmable  standard  of  work  rate  for  the 
crewman.  The  ergometer  operates  in  any  of  three 
selectable  modes. 

The  set  heart  rate  mode  varies  the  ergometer 
work  rate,  as  necessary,  to  achieve  and  main- 
tain a preselected  heart  rate. 

The  sequenced  heart  rate  mode  is  similar  to  the 
set  heart  rate  mode  except  that  the  heart 
rate  is  programmable  through  five  preset 
levels  with  a preset  period  of  time  for  each 
level. 

The  set  work  rate  mode  delivers  a preset  work 
load  to  the  subject. 

Basic  Design  Configuration 

Principal  components  of  the  ergometer  (fig. 
A.I.f. -2)  are  the  frame,  drive  assembly  (load 
module),  electronics  assembly.  Control  and  Dis- 
play panel,  and  Programer.  Figure  A.I.f.-3  is  an 
enlarged  view  of  the  Control  and  Display  panel; 
figure  A.I.f.-4  is  an  enlarged  view  of  the  Pro- 
gramer panel.  The  frame  consists  of  the  front  and 
rear  post  assemblies.  The  front  post  includes  the 
handlebars  and  mounting  provisions  for  the  Con- 
trol and  Display  panel.  The  handlebars  are  ad- 
justable with  respect  to  height  through  the  use 
of  an  Expando  pin  release  mechanism.  Seven 
discrete  height  settings  are  available.  The  Control 
and  Display  panel  is  mounted  on  one  side  of  the 
front  post  for  launch  and  then  moved  up  and 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
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clamped  to  the  handlebars  during  operation.  A 
handlebar  pinch  clamp  permits  rotation  of  the 
handlebars  for  proper  viewing  of  the  Control  and 
Display  panel.  The  rear  post  contains  the  seat,  the 
height  of  which  is  adjustable  by  a spring  loaded 
pin  release  mechanism.  A similar  adjustment  per- 
mits fore  and  aft  adjustment  of  the  seat  itself. 

The  ergometer  drive  assembly  (fig.  A.I.f.-5) 
functions  as  the  central  mounting  point  for  the 
front  and  rear  posts  and  for  the  programer.  The 
drive  assembly  contains  a d.c.  generator,  a tran- 
sistor switching  circuit  for  control  of  the  gener- 
ator output,  the  generator  load  resistor,  a force 
ti'ansducer,  and  a pulse  pickup  /or  speed  measure- 
ment. Special  pedals  fitted  with  triangular  re- 
ceptacles for  the  triangular  extrusions  on  the 
crewman’s  shoes  provide  a positive  means  for 
foot  restraint  during  pedaling.  The  triangular 
receptacles  may  be  folded  out  of  the  way  for  hand 
operation  of  the  ergometer.  The  generator  is 
driven  at  5.27  times  the  pedal  shaft  speed  by  a 
polymide  gear  on  the  pedal  shaft  and  a steel  spar 


Figure  A.I.f.-l. — Operation  of  the  bicycle  ergometer  in- 
flight. 
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gear  on  the  generator  shaft.  A fl}rwheel,  driven  by 
a gear  belt  from  the  generator  shaft  for  a final 
ratio  of  22.4  times  pedal  shaft  speed,  increases  the 
pedal  shaft  moment  of  inertia  to  the  desired  value 
of  approximately  2.0  kg/m*. 

Use  of  the  polymide  gear  and  the  gear  belt  min- 
imizes overall  noise.  The  generator  utilizes  a shaft 
mounted  wound  armature  and  a permanent  mag- 
net field  which  is  attached  to  a bearing  mounted 
holder  which,  unless  restrained  by  the  force  sen- 
sor, would  be  free  to  rotate.  When  the  generator 
is  electrically  loaded  the  counter  force  exerted  by 
the  stator  is  absorbed  by  the  force  sensor  thereby 
providing  the  system  load.  The  output  from  the 
armature  passes  through  an  assembly  of  12 
brushes,  to  reduce  current  density,  and  thus  from 
the  generator.  The  load  current  is  duty  cycle  mod- 
ulated by  a transistor  switch  assembly  before 
being  dissipated  in  a large  resistor.  A magnetic 
speed  pickup  counts  the  teeth  on  the  flywheel. 

The  ergometer  electronics  package  is  mounted 
in  a cavity  within  the  front  post.  The  signals  from 
the  force  and  revolutions  per  minute  (r/min) 
transducers  are  conditioned  within  the  electronics 


Figure  — Control  and  Display  panel. 
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and  then  multiplied  to  obtain  a signal  proportional 
to  actual  work  rate  which  is  one  input  to  a differ- 
ence amplifier.  The  other  input,  a reference,  is 
either  from  the  work  rate  set  potentiometer  or 
from  the  heart  rate  control  circuitry.  The  output 
of  this  difference  amplifier  is  one  input  to  a com- 
parator which  also  receives  a sawtooth  voltage 
from  a sawtooth  generator.  The  output  of  the 
comparator  is  then  a series  of  pulses-  having  a 
duty  cycle  proportional  to  the  desired  work  rate. 
These  pulses  are  then  fed  to  the  drive  assembly 
switching  transistors  which  adjust  the  load  on 


the  generator  to  increase  or  decrease  the  force 
required  to  turn  the  pedals.  The  conditioned  speed 
signal  and  a comparator  are  used  to  remove  the 
work  load  entirely  should  the  speed  fall  below  40 
r/min.  In  addition  the  revolutions  per  minute  and 
work  rate  signals  are  routed  to  the  Control  and 
Display  panel  for  display.  A voltage  to  frequency 
converter  generates  one  pulse  per  watt  minute. 
These  pulses  are  fed  to  the  Control  and  Display 
panel  where  they  are  accumulated  in  a counter 
as  an  indication  of  total  work. 

The  heart  rate  control  circuitry  accepts  inputs 
from  the  Control  and  Display  panel.  A heartbeat 
indication  either  from  an  ear  plethysmograph  or 
from  the  M093  Vectorcardiograph  System  triggers 
a monostable  multivibrator  which  then  feeds  two 
integrators,  one  with  a 4-second  time  constant  and 
the  other  with  a 12-second  time  constant.  The  out- 
put of  the  second  integrator  is  a d.c.  voltage  pro- 
portional to  heart  rate  and  is  used  to  drive  the 
actual  heart  rate  meter  in  the  Control  and  Dis- 
play panel.  This  heart  rate  signal  is  also  fed  to  a 
difference  amplifier  which  receives  as  its  other 
input  a reference  voltage  either  from  the  heart 
rate  set  potentiometer  or  from  the  programer. 
The  output  of  this  amplifier  is  then  proportional  to 
the  difference  between  actual  heart  rate  and  set 
heart  rate  but  will  saturate  when  this  difference  is 
greater  than  10  beats  per  minute.  Another  differ- 
ential amplifier  has  as  its  inputs  the  outputs  from 
the  two  integrators  and  has  as  its  output  a d.c. 
voltage  proportional  to  heart  rate  acceleration. 
The  heart  rate  difference  and  the  acceleration  sig- 
nals are  then  summed  and  integrated.  The  output 
of  this  integrator  will  remain  constant  if  the  set 
heartbeat  is  the  same  as  the  actual  heartbeat.  If 
the  heart  rate  is  accelerating  either  up  or  down 
then  the  output  of  the  integrator  will  accelerate 
in  the  opposite  direction.  The  output  of  the  inte- 
grator is  then  fed  back  to  the  work  rate  control 
circuitry  so  that  the  load  presented  to  the  subject 
is  adjusted  to  maintain  the  heart  rate  at  a con- 
stant selected  rate.  A switch  on  the  Control  and 
Display  panel  is  set  to  give  a desired  work  applica- 
tion rate  whenever  the  actual  work  rate  is  over  10 
beats  per  minute  from  the  set  rate.  The  available 
work  rate  application  rates  are  35,  70,  and  100 
watts  per  minute.  As  a safety  feature,  the  maxi- 
mum heart  rate  may  be  selected  by  a switch  on  the 
Control  and  Display  panel.  The  signal  from  this 


Figure  A.I.f.— 4. — Programer  panel. 
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Figure  A.I.f.— 5. — Ergometer  Drive  Assembly  block  diagram. 


switch  is  an  input  to  another  comparator  along 
with  the  actual  heart  rate  signal.  Whenever  the 
heart  rate  reaches  this  maximum  value,  the  load 
is  removed  from  the  ergometer. 

The  Control  and  Display  panel  provides  the  fol- 
lowing controls  and  displays : 

Work  rate  and  heart  rate  set  potentiometers. 

Mode  selection  (set  work,  set  heart,  or  sequence 
heart) . 

Heart  rate  acceleration  (work  rate  slope). 

Source  select  for  heart  beat  input. 

Heart  rate  limit. 

Calibration  switches. 

Heart  rate  and  work  rate  displays  (both  set  and 
actual) . 

Revolutions  per  minute  display. 

Total  work  display, 

Sequence/ESS  event  timer  start/stop. 

The  programer  contains  5 switches  for  select- 
ing the  time  between  1 and  10  minutes  for  each 
step  in  the  sequenced  heart  mode.  Another  set  of 


5 switches  permits  selection  of  the  heart  rate  at 
each  step  for  values  between  100  and  190  beats  per 
minute  in  increments  of  10  beats  per  minute. 


Performance  Requirements 

Work  rate  range 
Speed  range 

Heart  rate  Control  Range 

Accuracy 
Work  rate 
Speed  range 
Power  requirements 


25  to  300  watts 
40  to  80  r/min 
40  to  200  beats  per 
minute 

±5  watts 
±3  r/min 
28  volts  d.c.  at  0.5 
ampere 

5 volts  d.c.  at  0.4 
ampere 
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Basic  Design  Configuration 

The  metabolic  analyzer  (MA),  figure  A.I.g.-l, 
A.I.g.-2,  was  designed  to  support  experiment 
M171.  It  operates  on  the  so-called  “open  circuit” 
method  to  measure  a subject’s  metabolic  activity 
in  terms  of  oxygen  consumed,  carbon  dioxide  pro- 
duced, minute  volume,  respiratory  exchange  ratio, 
and  tidal  volume  or  vital  capacity.  The  system  will 
operate  in  either  of  two  modes. 

1.  In  Mode  I inhaled  respiratory  volumes  are 
actually  measured  by  a piston  spirometer. 

2.  In  Mode  II,  inhaled  volumes  are  calculated 
from  the  exhaled  volume  and  the  measured  in- 
haled and  exhaled  nitrogen  concentrations. 

This  second  mode  was  the  prime  mode  for 
Skylab.  Following  is  a brief  description  of  the 
various  subsystems  and  their  operation.  For  a 
more  comprehensive  discussion,  please  refer  to 
NASA  Technical  Memorandum  No.  64797,  De- 
cember 26,  1973. 

Major  functional  components  of  the  metabolic 
analyzer  (fig.  A.I.g.-3)  include  the  mass  spectrom- 
eter, inspiration  and  expiration  spirometers,  a 
calibration  assembly,  breathing  apparatus,  and 
the  electronics  assembly.  The  mass  spectrometer 
is  of  the  single  focusing  magnetic  sector  type 
with  ion  collectors  for  oxygen,  nitrogen,  carbon 
dioxide,  and  water.  An  internal  ion  pump  main- 
tains the  necessary  vacuum  within  a sealed  gas 
analyzer  assembly.  A more  detailed  description 
of  the  mass  spectrometer  is  offered  by  paper  57, 
Spectrometry  and  Allied  Topics,  in  the  Proceed- 
ings of  the  American  Society  of  Mass  Spectrom- 
etry Twenty-first  Annual  Conference,  held  in  San 
Francisco,  California,  on  May  20-25  1973. 

Rolling-seal,  dry  spirometers  are  used  to  meas- 
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ure  the  inhaled  and  exhaled  breath  volumes. 
These  have  capacities  of  4 and  7 liters,  respec- 
tively, the  expiration  spirometer  alone  being  used 
for  vital  capacity  measurements  thereby  dictat- 
ing the  need  for  a larger  capacity.  A potentiom- 
eter connected  by  a cable  to  the  spirometer 
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piston  provides  a measurement  of  breath  volume. 
A large  electrically  actuated,  pneumatically  op- 
erated ball  valve  controlled  the  spirometer  empty- 
ing (exhalation)  or  filling  (inhalation). 

The  calibration  assembly  consists  of  two  cylin- 
ders of  compressed  gas,  each  with  an  absolute 
pressure  regulator  and  solenoids  for  control  of 
gas  flow.  One  bottle  is  filled  with  a mixture  of 
nitrogen,  oxygen,  and  carbon  dioxide;  it  is  used 
for  calibration  of  these  same  mass  spectrometer 
outputs.  The  second  cylinder  contains  a mixture 


of  nitrogen  and  dideuteromethane  (CH2D2).  The 
CH2D2  has  the  same  mass  number  as  water  vapor 
and  is  used  to  calibrate  the  water  output  from 
the  mass  spectrometer.  Initial  pressurization  of 
the  gas  cylinders  is  approximately  10.7  MPa 
(1.07X10’  N/m^). 

The  breathing  apparatus  consists  of  a mouth- 
piece, check  valve  assembly,  hoses,  and  a nose 
clip.  These  are  all  of  conventional  design.  The 
check  valve  assembly  is  a modified  Lloyd  valve. 
T^  minimize  leakage,  the  valve  seats  are  made  of 


Figure  A.l.g.— 2. — ^Metabolic  Analyzer  mechanical  subpancl. 
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Figure  A.I.g.— 3. — Functional  components  of  the  Metabolic 
Analyzer. 


Performance  Specifications 


Measurement  range 

Oxygen  consump- 
tion 

Carbon  dioxide 
production 

Minute  volume 

Vital  capacity 
Accuracy 

O2  consumed,  CO2 
produced,  and 
minute  volume 

Vital  capacity 

Breathing  resist- 
ance 

Power  require- 
ments 


0 to  4 liters/minute 
(STPD) 

0 to  4 liters/minute 
(STPD) 

0 to  150  liters/ 
minute  (BTPS) 

0 to  7 liters  (BTPS) 

±3.5  percent  of  value 
or  0.05  liter/min 
whichever  is 
greater 

±2  percent  of  value 
or  0.05  liter  which- 
ever is  greater 

747  Pa  at  peak  flow 
rate  of  5.83X10'® 
m'Vs 

28  V d.c.  at  4.46  A 


ground  aluminum  and  the  flappers  of  compression 
molded  polycarbonate.  The  flat  surfaces  attainable 
with  these  materials  permit  achievement  of  very 
low  leak  rates. 

The  electronics  assembly  conditions  all  signals 
from  the  various  transducers,  provides  control 
signals  to  the  various  valves  and  solenoids,  and 
includes  an  analog  computer  for  computation  of 
metabolic  data. 


Acknowledgments 

The  assistance  of  the  following  persons  in  the 
development  and  operation  of  this  piece  of  equip- 
ment is  gratefully  acknowledged:  O.  K.  Duren, 
William  Lewter,  and  Cortes  Perry  at  the  Marshall 
Space  Flight  Center;  Ralph  Lehotsky  at  Perkin 
Elmer  Corporation,  Aerospace  Division;  and 
Doug  Getchell  at  the  Martin  Marietta  Corpora- 
tion. 


- N77-338^8 

A.I.h.  Body  Temperature  Measuring  System 
(M171) 

John  D.  Lem  « 


The  body  temperature  probe  is  used  in  support 
of  experiment  M171  to  determine  if  crewmen  are 
storing  heat  following  exercise  and  to  monitor 
crew  health  in  case  of  illness. 

Basic  Design  Configuration 

The  body  temperature  measuring  system  (fig. 
A.I.h.-l)  is  used  in  experiment  M171  (fig. 
A.I.h.-2).  It  consists  of  an  oral  thermistor  probe 
with  a resistor  matching  network  and  of  a signal 
conditioner.  The  thermistor  is  located  in  the  tip 
of  a stainless  steel  tube  and  is  connected  by  a 
cable  to  the  bridge  network.  Resistors  in  this 
network  are  selected  to  assure  interchangeability 
between  probes.  Another  cable  then  connects  the 
probe  to  the  signal  conditioner.  The  signal  condi- 
tioner provides  a fixed  regulated  excitation  volt- 
age to  the  temperature  probe  and  also  conditions 
the  output  of  the  probe  to  a voltage  suitable  to 
drive  a remotely  located  meter  and  the  telemetry 
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Figure  A.I.h.— 1. — Block  schematic  (BTMS). 


system.  The  system  measures  body  temperature 
in  the  range  of  308.15  to  313.71  degrees  on  the 
Kelvin  scale. 


I 
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Figure  A.I.h.-2. — Experiment  Ml 71  block  diagram. 
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Performance  Requirements 

Measurement  I’ange  308.15  to  313.71  K 

Accuracy  ±0.11  K 

Power  + 10  V d.c.  at  4 mA 

— 10  V d.c.  at  4 mA 

Response  time  Within  1.5  percent  of 

final  value  within  40 
seconds  when  exposed 
to  stop  change  in  water 
bath 


Conclusions 

Performance  of  the  temperature  measuring  sys- 
tem was  within  specification  during  all  three  Sky- 
lab  missions.  No  failures  were  observed.  The 
response  time  of  the  system  is,  however,  longer 
than  desired.  A much  shorter  equilibration  time 
could  have  been  obtained  by  reducing  the  thermal 
mass  of  the  thermistor  and  its  protective  sheath. 
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A.I.i.  Hardware  Report  for  Experiment  M133, 
Sleep  Monitoring  on  Skylab 

CLETIS  R.  BOOHER  ® AND  E.  FONTAINE  LaRUE  *’ 


The  experimental  equipment  for  the  Skylab 
medical  experiment  M133,  Sleep  Monitoring,  was 
designed  and  developed  by  James  D.  Frost,  Jr., 
M.D.,  and  his  group  (ref.  1).  The  purpose  of  the 
experiment  was  objectively  to  measure  sleep  quan- 
tity and  quality  during  prolonged  space  flight 
with  the  use  of  automatic  equipment  for  onboard 
analyses  of  electroencephalographic  (EEG)  and 
electro-oculographic  (EOG)  activity  and  teleme- 
try of  sleep  stage  data  (ch.  13). 

Experimental  Basis 

Recording  the  electrical  activity  of  the  brain 
and  motions  of  the  eye  during  the  sleep  period 
is  a reliable  and  objective  method  for  determining 
the  quantity  and  quality  of  sleep.  As  an  individual 
passes  from  an  awake  to  a drowsy  state,  the  EEG 
dominant  frequency  decreases  in  association  with 
a small  decrease  in  amplitude.  Similarly,  a cor- 
respondence between  the  EEG  and  the  various 
stages  of  sleep  is  displayed  in  the  definite  changes 
in  characteristic  Wave  form  recordings,  as  a sub- 
ject passes  from  a drowsy  to  a sleep  state.  In 
addition,  rapid  eye  movements  (REM)  appear  in 
periodic  bursts.  These  have  been  associated  with 
dreaming.  Based  upon  the  EEG  and  EOG  charac- 
teristics, sleep  is  divided,  by  currently  accepted 
criteria,  into  five  clinical  stages.  The  equipment 
for  this  experiment  analyzed  the  data  from  the 
astronaut  subject  and  categorized  it  into  one  of 
two  conditions  or  one  of  the  five  sleep  stages  as 
follows ; 
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Conditions 

1.  Awake — A nonsleep  state,  characterized  by 
Alpha  activity  (8-12  Hz)  and/or  low  ampli- 
tude mixed  frequency  activity  in  the  EEG 
signal. 

2.  Stage  REM — Characterized  by  rapid  eye 
movements  as  detected  by  the  EOG,  and,  con- 
currently, EEG  signals  which  appear  much 
like  those  of  stage  1 sleep  but  with  less 
prominent  vertex  transient  forms. 

Sleep  Stages 

1.  Stage  1 — The  lightest  stage  of  sleep,  in 
terms  of  ease  of  arousal,  and  characterized 
by  low  amplitude  EEG  signals  of  a pre- 
dominantly lower  frequency  (5-7  Hz)  than 
the  awake  state.  Occasional  vertex  sharp 
transient  forms  to  200  j«.V  may  be  present. 

2.  Stage  2 — This  state  is  characterized  by 
bursts  of  14-Hz  EEG  potentials  (spindles) 
and/or  K-complexes  (relatively  high  voltage 
transients  exceeding  0.5  seconds)  superim- 
posed on  the  somewhat  random  low  ampli- 
tude background  signal. 

3.  Stage  3 — Relatively  high  amplitude  (greater 
than  75  /xV)  activity  of  2 Hz  or  slower  is 
present  between  20  and  50  percent  of  the 
time.  Intervening  activity  is  relatively  low 
in  amplitude.  Fourteen-Hertz  spindles  may 
be  present. 

4.  Stage  4 — Relatively  high  amplitude  (greater 
than  75  nV)  activity  of  2 Hz  or  slower  is 
present  more  than  50  percent  of  the  time. 
Fourteen-Hertz  spindles  may  be  present. 

5.  Stage  0 — A null  state  to  indicate  interrup- 
tion of  the  data  or  other  loss  of  the  normal 
signal. 
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To  accomplish  the  stated  objectives  of  the  sleep 
monitoring  experiment,  EEG,  EOG,  and  head- 
movement  information  was  obtained  from  the  sub- 
ject continuously  during  selected  sleep  periods 
in  the  flight  phase.  The  EEG  activity  provided 
the  most  essential  information  to  the  analysis 
system  and  permitted  the  detection  of  the  awake 
state  and  stages  1 through  4 of  sleep.  Addition 
of  the  EOG  data  permitted  definition  of  the  REM 
stage  of  sleep.  Detection  of  head  movement  per- 
mitted the  analysis  circuitry  to  ignore  sections  of 
data  which  might  be  contaminated  with  artifacts 
due  to  head  movement  in  excess  of  tolerable  lim- 
its. 

During  the  flight  phase,  recordings  were  made 
on  specified  nights  and  the  analyzed  sleep  data 
were  telemetered  in  near  real-time.  Comparison  of 
the  data  obtained  on  a day-to-day  basis  with  the 
preflight  baseline  data  pennitted  an  assessment  of 
any  variations  during  flight.  Upon  termination 
of  the  flight,  retrieval  of  data  tapes  recorded  on- 
board permitted  additional  detailed  analyses  of  the 
sleep  data  obtained  throughout  the  flight. 

Hardware  Description 

The  M133  equipment  consisted  of  three  basic 
units : the  cap  assembly,  the  preamplifier/acceler- 
ometer  assembly  unit,  and  the  panel  assembly. 
The  components  of  the  hardware  are  depicted  in 
figure  A.I.i.-l. 

1.  The  Cap  Assembly.  The  astronaut  wore  a dis- 
posable recording  cap  containing  electrodes  for 
detecting  EEG  and  EOG  activity. 

The  recording  cap  (fig.  A.I.i.-2),  made  of  an 
elastic-type  fabric,  contained  seven  sponge-type 


Pand  asserhbly 


ft jfk  ♦ a ^ ^ Cap  assembly 

Preamplifier/accelerometer  assembly 


electrodes  arranged  such  that  four  electrodes  (left 
and  right  central  positions,  Ci  and  C2,  and  left  and 
right  occipital  positions,  Oi  and  O2),  provided  a 
composite  EEG  channel  (Ci  and  C2  paired  and  re- 
ferred to  Oi  and  O2  paired)  ; two  electrodes  pro- 
vided one  EOG  channel  (one  electrode  lateral  to, 
and  one  above,  the  left  eye)  to  record  both  lateral 
and  vertical  eye  movements.  The  seventh  electrode 
served  as  a ground. 

The  sponge  electrodes  were  coated  with  vinyl 
plastic  followed  by  a 0.5  ml  layer  of  vacuum- 
deposited  Parylene  over  the  vinyl ; then  they  were 
filled  with  an  electrolyte  gel  and  sealed.  The  tips  of 
these  electrodes  were  cut  off  with  a scissors  just 
before  the  crewman  put  on  the  cap,  thus  exposing 
the  electrolyte  to  proper  contact  with  the  scalp. 
The  cap  was  held  securely  to  the  head  by  a reusa- 
ble chinstrap. 


Figure  A.I.i.-l. — M133  flight  system  equipment. 


Figure  A.I.i.-2. — ^The  Scientist  Pilot  in  his  sleep  restraint, 
59-day  mission 
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The  maximum  potential  of  the  EEG  is  300  p.Y 
peak-to-peak  with  a typical  potential  of  100 
peak-to-peak.  Maximum  potential  of  the  EOG  is 
600  ixY  peak-to-peak  with  a typical  potential  of 
200  fiY  peak-to-peak. 

2.  Preamplifier/Accelerometer  Assembly  (P/ 
AA)  Unit.  The  small,  lightweight,  preamplifier/ 
accelerometer  unit  which  attached  to  the  cap  near 
the  vertex  of  the  head  contained  EEG  and  EOG 
preamplifiers,  electroshock-protection  circuitry, 
and  dual-axis  accelerometers  for  detecting  the 
subject’s  head  motion. 

Signals  from  the  cap  assembly  were  amplified 
in  two  stages.  Signals  from  the  electrodes  were  re- 
layed to  the  preamplifier  assembly  through  a mini- 
ature connector.  This  miniature  connector  allowed 
rapid  connect/disconnect  of  the  P/AA  from  the 
cap.  Locating  the  preamplifier  on  the  cap  greatly 
reduced  the  influence  of  artifacts  caused  by  head 
movements  and  decreased  the  susceptibility  of  the 
system  to  electromagnetic  interference.  The  am- 
plified signals  (the  gain  is  approximately  six) 
passed  through  the  flexible  cable  to  the  control- 
panel  assembly,  which  provided  electrode  test  cir- 
cuitry and  final  amplification. 

The  P/AA  assembly  also  contained  a miniature 
accelerometer  package  that  provided  data  on  any 
head  movements  by  the  crewman  subject  for  ac- 
celerations as  low  as  0.1  g in  the  lateral  (side-to- 
side)  and  vertical  (up-down)  axis.  This  signal  was 
routed  through  the  umbilical  to  the  analyzer.  The 
purpose  of  the  accelerometer  input  was  to  mini- 
mize spurious  EEG  or  EOG  signals  resulting  from 
the  subject’s  head  movement  from  giving  incorrect 
data  to  the  M133  analyzer  circuitry. 

The  preamplifier  also  contained  the  electroshock- 
protection  circuits  to  safeguard  the  crewman  sub- 
ject. These  circuits  limited  electric  current  in  any 
conductive  return  path  connected  directly  to  the 
subject  to  less  than  200  p.A  peak.  The  system  pro- 
vided protection  for  voltages  up  to  141  Vrms  or 
200  V peak  over  the  frequency  range  of  zero  to 
1 kHz. 

3.  Panel  Assembly.  The  panel  assembly  (fig. 
A.I.i.-l)  was  made  up  of  the  following  compo- 
nents : amplifiers  for  EEG,  EOG,  and  accelerome- 
ter data  signals,  electrode  test  circuitry,  control 
circuitry,  analyzer,  and  magnetic  tape  recorder. 
During  operation,  this  panel  assembly  was  in- 
stalled on  a bracket  attached  to  the  ceiling  of  the 


sleep  compartment  in  front  of  the  Scientist  Pilot’s 

sleep  restraint. 

The  control-panel  front  contained  light  emitting 
diode  indicators  arranged  in  a configuration  simu- 
lating the  position  of  the  recording  electrodes  on 
the  head.  As  the  astronaut  activated  the  test  cir- 
cuit, interelectrode  resistance  was  determined,  and 
if  a given  electrode  had  achieved  proper  scalp  con- 
tact resistance  (50  000  Q or  less),  the  indicator 
corresponding  to  that  electrode  was  illuminated. 
Improper  contact  was  indicated  by  the  failure  of 
an  indicator  to  illuminate,  and  the  subject  cor- 
rected this  by  gently  rocking  the  electrode  in  ques- 
tion from  side  to  side  to  position  the  tip  through 
the  hair. 

Continuous  monitoring  of  EEG,  EOG,  and  head- 
motion  signals  was  carried  out  during  the  sleep  pe- 
riod. Following  final  amplification  within  the 
control-panel  assembly,  the  signals  proceed  to 
data-analysis  circuitry  and  to  analog  magnetic- 
tape  recorders.  Two  recording  units  compose  the 
analog  recording  system,  each  unit’s  storage  ca- 
pacity being  up  to  150  hours  of  data. 

As  the  monitoring  sessions  progress,  the  data- 
analysis  circuitry  within  the  control-panel  as- 
sembly supply  sleep-stage  information  in  near 
real-time  to  observers  in  Mission  Control.  Onboard, 
the  EEG,  EOG,  and  head-motion  signals  were  proc- 
essed in  real-time.  Electroencephalographic  sig- 
nals alone  determined  stages  Awake,  1,  2,  3,  and  4 
of  sleep;  EEG  and  EOG  oculographic  signals  dif- 
ferentiated stage  REM.  Signals  likely  to  be  con- 
taminated by  artifacts  do  not  reach  the  analysis 
section,  since  the  EEG  and  accelerometer  circuits 
specifically  exclude  them  (fig.  A.I.1.-3). 

At  the  conclusion  of  each  Skylab  mission,  the  on- 
board data  tapes  are  returned  by  the  crew,  and 
these  data  were  then  analyzed  by  conventional 
visual  scoring  techniques  after  playback  onto  a 
graphic  recorder. 

Conclusions  and  Recommendations 

From  the  standpoint  of  hardware  development 
and  performance,  the  M133  sleep  monitoring  ex- 
periment must  be  deemed  a substantially  success- 
ful progi’am.  The  system,  as  it  existed  during  final 
checkout  tests  at  Kennedy  Space  Center,  not  only 
met  every  basic  specification  as  originally  estab- 
lished by  the  Principal  Investigator  at  the  inception 
of  the  program,  but  also  proved  to  be  fully  com- 


HARDWARE  REPORT  FOR  SLEEP  MONITORING  ON  SKYLAB 


453 


patible  with  other  spacecraft  systems  and  opera- 
tional requirements. 

Flight  operations  also  proved  to  be  substan- 
tially successful,  in  spite  of  hardships  imposed 
upon  the  system  by  environmental  extremes  en- 
countered immediately  following  the  launch  of 
the  Orbital  Workshop.  The  only  area  in  which  a 
substantiated  failure  occurred  was  the  tape  record- 
ers which  were  utilized  to  record  the  analog  physio- 
logical data  (EEC,  EOG,  head  movements) 
in-flight.  Persons  involved  with  the  development 
of  this  experiment  system  recognized  from  the  on- 
set that  utilization  of  older  recorder  units,  that 
had  originally  been  developed  and  used  in  the 
Gemini  Program,  would  be  a somewhat  risky 
policy,  even  with  refurbishment.  The  other  two 
known  in-flight  anomalies,  i.e.,  the  dried  out  elec- 
trodes and  an  intermittent  preamplifier  cable. 


were  successfully  circumvented  and/or  eventually 
eliminated. 

One  distinct  lesson  learned  from  this  program  is 
that  extreme  care  will  have  to  be  exercised  when 
contemplating  the  use  of  existing,  older,  previously 
utilized  equipment  to  support  an  ongoing  flight 
program.  All  renovating  processes  will  have  to  be 
carefully  thought  out,  and  all  interfaces,  particu- 
larly those  of  expendables  having  time-dependent 
qualities  will  have  to  be  studied  with  extreme  care. 
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Physiological  considerations  suggest  that  the 
response  of  the  vestibular  system  can  be  substan- 
tially modified  during  weightlessness  and  that  such 
modifications  affect  susceptibility  to  motion  sick- 
ness and  to  judgment  of  spatial  localization.  Eval- 
uation of  such  effects  requires  measurement  of 
responses  to  rotational  accelerations  before,  dur- 
ing, and  after  exposure  to  conditions  of  prolonged 
zero-gravity.  For  this  purpose,  a precisely  con- 
trolled rotating  chair  (fig.  A.I.j .-1)  was  designed, 
constructed,  tested,  and  installed  in  the  Skylab 
Orbital  Workshop.  Their  chair  was  used  in  three 
test  modes  to  measure  changes  in  the  vestibular 
(balance)  organs  of  the  astronauts. 

Experiment  Description 

To  evaluate  the  subject's  ability  to  detect  small 
angular  accelerations,  the  chair  is  rotated  through 
any  of  24  acceleration  profiles,  which  range  be- 
tween 0.020°/s^  and  6.0^/s^.  To  evaluate  the 
changes  in  the  subject's  susceptibility  to  motion 
sickness,  the  chair  is  rotated  at  any  of  10  constant 
velocities  while  the  seated  subject  executes  certain 
prescribed  head  and  upper-body  movements.  The 
purpose  of  the  test  is  to  establish  the  degree  to 
which  motion  sensitivity  of  a subject  changes  as 
a result  of  exposure  to  zero-g.  To  evaluate  the 
ability  of  a blindfolded  subject  to  retain  spatial 
orientation  in  the  absence  of  customary  cues,  the 
chair  can  be  extended  into  a litter  or  reclining  po- 
sition. In  addition,  it  can  be  tilted  into  a combined 
pitch-roll  attitude  in  either  the  chair  or  litter  mode. 
The  major  feature  of  the  chair  is  that  it  imparts 
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very  smooth,  tightly  controlled,  rotational  acceler- 
ations and  velocities  to  the  vestibular  organs  of  a 
seated  test  subject.  The  chair  and  its  servo  control 
system  can  effectively  perform  at  levels  below  the 
threshold  of  sensitivity  of  the  vestibular  organs  of 
the  normal  test  subject. 

A direct-drive  brush-type  d.c.  torque  motor  is 
used  as  the  prime  mover  to  impart  these  closely 
controlled  angular  accelerations  and  velocities  to 
a seated  subject.  The  angular  velocity  of  the  chair 
is  sensed  by  a precision  grade,  brush-type  d.c.  ta- 
chometer that  forms  the  feedback  element  in  a 
closed-loop,  angular-velocity  servo.  This  combina- 


Figure  A.I.j.-l. — Rotating  litter  chair. 
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tion,  and  the  appropriate  electronics,  control  the 
oculogyral  illusion  test  acceleration  rates  to  within 
1 percent  + 0.0015°/S-  of  the  selected  value  (fig. 
A,Lj.-2).  This  same  system  maintains  the  motion 
sensitivity  test  angular  velocity  rates  to  within  1 
percent  4-  0.05  r/min  of  the  selected  value  (fig. 
A.I.j.-3)  while  the  chair  undergoes  variations  in 
torque  loading  as  the  test  subject  changes  his  body 
position  during  head  movements.  During  the  ocu- 
logyral illusion  threshold  test,  the  subject  is  seated 
in  the  rotating  chair  and  wears  a pair  of  test  gog- 
gles that  contain  a visual  target,  i.e.,  a luminous 
arrow.  The  chair  is  then  accelerated  and  decel- 
erated at  specific  rates.  The  subject  verbally  re- 
ports the  direction  of  apparent  (hence  the  term 
illusion)  lateral  motion,  if  any,  of  a visual  target 
in  the  test  goggles.  This  illusion  results  from  stim- 
ulating the  fluid  in  the  semicircular  canals  in  the 
inner  ear.  This  is  done  by  accelerating  and  decel- 
erating the  chair.  The  term  oculogyral  is  related 
to  the  words  ocular  (of  the  eyes)  and  gyrate  (to 
move  in  a circular  course). 

The  electrical  control  system  (figs.  A.I.j.-4, 
A.I.j.-5)  consists  of  an  angular  velocity  profile 
generator,  to  provide  a desired  command  angular 
velocity-time  profile,  and  a servo  loop.  The  profile 
generator  is  contained  in  the  Control  Console  (fig. 
A.I.j.-6).  Positive  and  negative  reference  volt- 


Figure  A.I.j.-2. — Oculogyral  angular-acceleration/time  test 
profile. 


ages  from  the  Zener  diode  power  supply,  com- 
bined with  precision  resistive  dividers,  provide 
d.c.  voltages  that  are  proportional  to  a desired 
motion  sensitivity  or  oculogyral  illusion  velocity- 
time profile.  The  appropriate  voltages  for  a partic- 
ular program  are  selected  by  the  motion  sensitivity 
or  oculogyral  illusion  Program  Select  switches. 
When  a profile  is  to  be  generated  for  a test,  these 
voltages  are  switched  by  the  control  switches  to 
the  input  of  the  command  integrator,  a chopper 
stabilized  d.c.  operational  amplifier.  The  control 
switches  are  actuated  by  the  control  programer 
by  various  electrical  timing  circuits.  If  a constant 
d.c.  voltage  is  fed  into  the  command  integrator,  its 
output  will  be  the  integral  of  the  constant  input 


Figure  A.I.j.~3. — ^Motion  sensitivity  angular- velocity/time 
test  profile. 
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voltage  and  therefore  a linear  ramp  function 
(steadily  increasing  or  decreasing  voltage).  Since 
a velocity  ramp  represents  a constant  acceleration 
or  deceleration,  it  follows  that  a particular  con- 
stant input  voltage  to  the  integrator  represents  a 
particular  constant  acceleration  or  deceleration. 
If  a constant  voltage  is  applied  to  the  integrator 
input  and  then  removed  (i.e.,  set  to  zero),  the 
integrator  output  will  be  the  expected  ramp  func- 
tion until  the  input  is  set  to  zero. 

The  integrator  will  “hold”  the  last  value  on  the 
ramp  function  until  the  input  is  again  changed 
from  the  zero  value.  The  analog  voltage  being 
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Figure  A.I.j.— 5. — Simplified  functional  block  diagram. 


“held”  represents  a constant  angular  velocity. 
When  deceleration  from  this  constant  velocity  is 
desired,  the  integrator  is  fed  a constant  voltage  of 
opposite  polarity  to  the  one  applied  during  the  ac- 
celeration period.  The  output  of  the  integrator  will 
then,  in  a descending  ramp,  approach  zero  voltage, 
and  the  chair  will  decelerate  under  the  control 
of  the  servo  linearly  to  zero  velocity.  When  this 
occurs,  the  chair  remains  at  zero  velocity  until 
another  test  is  started. 

The  output  of  the  profile  generator  is  the  com- 
mand input  to  the  servo  loop.  The  integration  in 
the  servo  loop,  which  makes  this  a type  I servo 
system,  guarantees  zero  angular  acceleration  and 
deceleration  errors  in  the  chair  shaft  motion  in 
the  steady  state.  The  output  of  the  servo  integra- 
tor is  fed  to  a solid-state  linear  power  amplifier. 
The  output  of  the  amplifier  connects  to  a direct 
drive  d.c.  torque  motor,  which  drives  the  chair.  A 
precision  d.c.  tachometer  mounted  on  the  shaft  of 
the  chair  measures  the  actual  chair  angular  veloc- 
ity in  terms  of  a voltage  analog.  The  actual  chair 


Figure  A.I.j.-6. — Control  Console. 
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angular  velocity  is  then  compared  to  the  command 
angular  velocity,  in  terms  of  analog  voltages,  at 
the  input  of  the  servo  integrator  thus  completing 
the  servo  loop. 

Several  devices  such  as  an  oculogyral  illusion 
threshold  computer,  an  oculogyral  illusion  and  mo- 
tion sensitivity  response  keyboard  for  recording 
the  subject’s  responses  to  these  tests,  and  an  audio 
cadence  signal  are  included  in  the  electrical  sys- 
tem to  assist  the  operator  and  subject  in  perform- 
ing the  experiments.  Additionally,  proximity 
detectors  are  provided  to  signal  the  subject  and 
notify  the  ground  of  the  completion  of  a head 
movement,  and  an  emergency  switch  is  provided 
on  the  chair  to  permit  the  subject  to  remove  power 
from  the  chair. 

During  the  nonrotational  portion  of  the  tests, 
the  chair  shaft  is  locked  and  the  electrical  system 
disabled.  The  observer  can  slowly  tilt  the  chair 
from  the  horizontal  to  a ±20°  position  with  an 
accuracy  of  0.5°.  When  a preselected  position  is 
reached,  visual  orientation  is  measured  by  having 
the  subject  attempt  to  align  the  visual  target  in 
the  test  goggles  (fig.  A.I.j.-7)  with  an  unseen  ref- 
erence axis  within  the  Orbital  Workshop.  The  re- 
sult is  recorded  from  pitch  and  roll  scales  provided. 

Kinesthetic  orientation  is  measured  by  having 
a blindfolded  subject  make  similar  judgments  us- 
ing a metal  rod  instead  of  the  visual  target.  Only 
the  rod  is  used  in  the  litter  position.  The  subject’s 


Figure  A.I.j.-7. — Test  Goggles. 


accuracy  in  making  these  alignments  is  an  indica- 
tion of  the  degree  to  which  he  depends  upon  vari- 
ous clues  from  spatial  orientation. 

Conclusion 

Flight  data  indicated  that  the  system  performed 
its  designed  functions  without  anomaly.  A more 
convenient  seat  belt  restraint  was  supplied  for  the 
last  two  manned  missions. 
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The  Experiment  Support  System  is  a switch- 
board system  with  displays  and  controls  (fig. 
A.I.k.-l) . It  routes  electrical  power  to  experiments 
M092,  M093,  and  M171  equipment;  gaseous  nitro- 
gen to  the  Blood  Pressure  Measurement  System; 
receives  biomedical  data  from  all  I’elated  equip- 
ment; routes  the  conditioned  data  signals  to  the 
Airlock  Module  Telemetry  System  and  also  dis- 
plays (in  digital  or  analog  form)  portions  of  that 
data  which  the  crewmen  must  see  to  complete  the 
experiment  successfully.  The  Experiment  Support 
System  is  interfaced  to  the  M131  control  panel  to 
transfer  conditioned  data  to  the  Airlock  Module 
Telemetry  System. 

Experiment  Description 

The  Experiment  Support  System  is  divided  into 
two  groups  of  subpanels.  The  first  group  contains 
those  subpanels  and  the  necessary  controls  for  the 
experiments  supported  by  this  system  (fig.  A.I.k.- 
2).  The  second  group  contains  those  subpanels 
which  operate  or  form  an  integral  part  of  a sepa- 
rate system.  The  first  group  consists  of  subpanels 
entitled:  EXPERIMENT  CONTROL,  EVENT 
TIME  and  the  alert  signal  device,  SECONDARY 
DISPLAY,  POWER  and  the  distributor  (an  inter- 
nal system  of  the  Experiment  Support  System). 
The  second  group  consist  of  panels  entitled : 
HEART  RATE  and  VCG  SYSTEM  which  make 
up  the  VCG  module;  LOWER  BODY  NEGATIVE 
PRESSURE  and  a set  of  normal/inhibit  switches 
for  electrical  isolation  of  the  experiments. 

The  Experiment  Control  subpanel  is  the  main 
control  for  the  biomedical  experiments  supported 
by  the  Experiment  Support  System.  The  controls 
on  this  panel  enable  one  to  select  a specific  subject 
and  activate  a specific  experiment  with  the  proper 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


power  distribution  and  signal  conditioning  cir- 
cuitry needed  to  operate  each  experiment.  In  addi- 
tion, a d.c.  voltage  to  telemetry  is  initiated  which 
identifies  the  crewman  and  the  experiment  being 
performed.  Also  located  on  this  panel  are  the 
HIGH/LOW,  AUTO/MANUAL  calibrate  switches. 
The  HIGH /LOW  switch  is  momentary  in  the 
AUTO  position  and  in  that  position  automatically 
initiates  a 10-second  high-calibration  command, 
followed  by  a 10-second  low-calibration  command 
for  each  system  that  requires  a calibration  com- 
mand within  the  experiment  selected.  With  the 
AUTO/MANUAL  switch  in  the  MANUAL  mode 
the  HIGH/LOW  switch  will  initiate  either  high- 
er low-calibration  command  as  long  as  the  switch 
is  held  in  the  HIGH  or  LOW  position. 

The  EVENT  TIME  subpanel  contains  a four- 
digit event  time  indicator,  ALERT  tone  generator 
and  four  switches  which  control  the  ALERT  tone 
and  EVENT  TIME  clock.  The  clock  can  be  preset 
for  any  duration  up  to  60  minutes  by  operating 
the  SLEW  CONTROL  switches.  The  clock  will 
count  down  in  1-second  intervals  when  the  TIME 
COUNT  START  switch  is  activated.  When  the 
count  reaches  zero,  and  the  ALERT  switch  is  in 
the  ON  position,  a tone  with  a frequency  of  2000 
Hz  will  be  heard. 

The  SECONDARY  DISPLAY  subpanel  con- 
tains a four-digit  display  and  a nine-position 
switch.  The  switch  can  be  set  to  display  heart  rate, 
body  temperature,  systolic  pressure,  diastolic  pres- 
sure, O2  consumed  [Metabolic  Analyzer  (MA)  O2], 
CO2  produced  (MA  CO2),  minute  volume  (MA 
min.  vol),  and  vital  capacity  (MA  vital  cap). 

The  POWER  subpanel  is  the  control  console  for 
the  Experiment  Support  System  power  distribu- 
tion system.  The  MA  POWER  portion  of  the  panel 
contains  Bus  1 and  Bus  2 circuit  breakers  to  pro- 
tect the  MA  from  overcurrent,  and  a three-position 
power  select  switch  (BUS  1,  BUS  2,  and  OFF). 
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Figure  A.I.k.— 1. — Displays  and  controls  of  the  Experiment  Support  System, 


EXPERIMENT  SUPPORT  SYSTEM 


461 


The  INPUT  POWER  section  of  the  panel  contains 
Bus  1 and  Bus  2 circuit  breakers  to  insure  that  no 
overcurrent  is  drawn  by  the  Experiment  Support 
System.  It  also  has  a three-position  select  switch 
(Bus  1,  Bus  2,  OFF)  and  a power  meter  that 
measures  Orbital  Workshop  input  voltage  to  the 
Experiment  Support  System,  and  the  total  current 
drawn  by  the  Experiment  Support  System  and  the 
experiments  it  supports,  except  for  the  MA  and 
rotating  litter  chair. 

The  three-position  SYSTEM  SELECT  SWITCH 
is  used  to  select  either  Bus  A,  Bus  B,  or  OFF. 
These  busses  supply  power  to : 

The  d.c.-to-d.c.  voltage  converters  (M092,  M093, 


ESS  = Experiment  support  system 
OWS  = Orbital  workshop 
BPMS  = Blood  pressure  measuring  system 
VCG  = Vectorcardiograph 


Figure  A.I.k.-2. — Distributor. 


M131,  and  M171  experiment  circuit  break- 
ers). 

The  ESS  control  bus,  which,  in  turn,  supplies 
power  to  the  EXPERIMENT  CONTROL 
panel  for  operation  of  the  CALIBRATE, 
SUBJECT  SELECT,  and  EXPERIMENT 
ACTIVATE  CIRCUITS  and. 

The  Experiment  Control  panel  which  controls 
power  to  secondary  display  and  to  the  logic 
relays  in  the  Experiment  Support  System 
distributor. 

The  EXERCISE  MODE  portion  of  the  POWER 
subpanel  has  two  switches.  These  switches  allow 


Ergometer 

M171 


Subject 

interface 


Figure  A.I.k.-3. — Experiment  Support  System  interface 
with  Experiments  M092,  M093,  and  M171. 
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voluntary,  independent  (nonexperiment)  use  of 
the  vectorcardiograph  and  ergometer  equipment. 

The  last  switch  on  the  POWER  panel  is  the 
LAMP  TEST  which  routes  power  to  illuminate  all 
light-emitting  diodes  in  the  EVENT  TIME  and 
SECONDARY  DISPLAY. 

The  distributor  section  of  the  Experiment  Sup- 
port System  is  located  below  the  POWER  sub- 
panel and  contains  the  electronic  circuit  boards 
that  control  the  logic  relays  and  circuits  needed 
to  route  Experiment  Support  System  power  to  the 
Experiment  Support  System  controls  and  displays, 
the  Lower  Body  Negative  Pressure  Device,  and  the 
Bicycle  Ergometer.  This  is  the  location  of  the  Leg 
Volume  Measuring  System  (LVMS)  signal  condi- 
tioner card.  Experiment  data  received  from  its 
equipment  are  routed  to  the  proper  Experiment 
Support  System  subpanels  as  required  for  display 


as  well  as  to  the  Airlock  Module  Telemetry  Sys- 
tem. 

The  electrical  umbilical  receptacle  is  the  Experi- 
ment System  Support  interface  with  the  vector- 
cardiograph umbilical ; the  latter  carries  power  to 
operate  the  vectorcardiograph  preamplifiers  and 
electroshock-protection  units,  body  temperature 
measuring  system  signal  conditioner,  blood  pres- 
sure measuring  system  microphone,  and  pressure 
sensors,  and  it  provides  the  return  interface  with 
the  data  lines  that  allow  the  Experiment  Support 
System  to  receive  data  from  this  equipment  (fig. 
A.I.k.-3). 

Performance 

The  Experiment  Support  System  performed  all 
of  the  required  functions  during  the  entire  Skylab 
mission  without  any  anomalies. 


A.n.a.  In-flight  Medical  Support  System 
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The  In-flight  Medical  Support  System  for  Sky- 
lab  was  designed  to  provide  the  onboar/d  Crew 
Physician  or  Scientist  Pilot  (or  other  crewmem- 
ber if  the  Scientist  Pilot  was  unable  to  act)  with 
information  adequate  to  make  diagnostic  assess- 
ment of  those  injuries  or  illnesses  most  likely  to 
occur  in  the  Skylab  environment. 

The  necessary  diagnostic,  therapeutic,  and  lab- 
oratory equipment  needed  to  diagnose  and  to  ren- 
der first  aid,  resuscitative  or  supportive  measures 
was  stored  in  the  Skylab  Ox’bital  Workshop.  The 
resupply  kit  containing  refrigerated  laboratory 
and  drug  resupply  items  was  stored  in  the  Com- 
mand Module. 

Equipment 

The  equipment  and  kits  for  the  In-flight  Medical 
Support  System  contain  over  1300  different  line 
items.  A listing  of  some  of  the  major  items  with 
several  photographs  of  assembled  and  partially 
disassembled  equipment  and  kits  are  as  follows: 

Equipment 

Air  Sampler  (fig.  A.II.a.-la;  sec.  A.II.c.,  figs. 

A.II.C.-1,  A.II.C.-2,  A.II.C.-3). 

Incubator  (fig.  A.II.a.-2) . 

Slide  Stainer  (fig.  A.II.a.-2). 

Splints  (fig.  A.II.a.-lb). 

Kits 

Microscope  (fig.  A.II.a.-2). 

Hematology/urinalysis  (fig.  A.II.a.-2). 

Microbiology  (fig.  A.II.a.-2). 

I.V.  Fluids  (fig.  A.II.a.-la). 

Drug  (figs.  A.II.a.-la,  b;  A.II.a.-4). 

Minor  surgery  (2)  (fig.  A.II.a.-la) . 

■ NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 

**  The  Boeing  Company,  Houston,  Texas. 


Therapeutic  (figs.  A.II.a.-3,  A.II.a.-4). 

Dental  (fig.  A.II.a.-3,  A.II.a.-5). 

Diagnostic  (figs.  A.II.a.-3,  A.II.a.-6). 

Bandage  (figs.  A.II.a.-3,  A.II.a.-7). 

Resupply  (figs.  A.II.a.-8a,  b,  c) . 

The  Skylab  Orbital  Workshop  portion  of  the 
Skylab  In-flight  Medical  Support  System  was 
launched  with  a weight  of  41.85  kg  (93  lb)  ; the 
Command  Module  Resupply  Kit  was  launched  with 
a weight  of  9.0  kg  (20  lb)  and  returned  with  a 
weight  of  7.65  kg  (17  lb).  The  In-flight  Medical 
Support  System  was  stowed  in  the  wardroom  in 
locker  compartments  W706,  W707,  W708,  and 
W709.  Laboratory  supplies  and  drugs  requiring 
refrigeration  were  stowed  in  the  wardroom  chiller, 
W754. 

In-flight  Usage 

The  In-flight  Medical  Support  System  equipment 
was,  with  the  exception  of  the  microbial  environ- 
mental sampling  (ref.  1),  designed  to  be  a “con- 
tingency use  only”  system ; however,  various  parts 
of  this  system  were  used  in-flight  to  correct  other 
system  anomalies,  to  obtain  medical  or  scientific 
data,  to  launch  and/or  return  other  experiments, 
and  to  support  various  high  school  experiments/ 
demonstrations  (refs.  2,  3,  4,  5,  6,  7).  Examples  of 
some  of  these  uses  are : 

The  diagnostic  kit  was  exercised  to  perform 
physical  examinations  extensively  on  Skylab 
2 with  occasional  uses  on  Skylab  3 and  Skylab 

4. 

Many  In-flight  Medical  Support  System  items, 
cans,  syringes,  needles,  vials,  pill  containers, 
et  cetera,  were  used  to  support  the  Skylab  3 
and  Skylab  4 scientific  demonstrations  per- 
formed by  the  astronauts. 
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The  IMSS  was  used  as  follows  during  Skylab 
CEC: 

The  sphygmomanometer  and  stethoscope  were 
used  to  evaluate  the  accuracy  of  the  automatic 
Blood  Pressure  Measurement  System  near 
the  midpoint  of  the  mission. 

The  hemoglobinometer  was  used  in  conjunction 
with  the  drawing  of  blood  for  experiment 
Ml  15  (ref.  8)  to  follow  hemoglobin  concentra- 
tion and  the  urine  refractometer  was  used  to 
follow  the  specific  gravity  of  urine.  Because 
reported  readings  from  both  instruments  were 
considerably  higher  than  expected,  the  cali- 
bration of  both  was  challenged.  Distilled  wa- 


ter from  the  Microbiology  section  of  the 
In-flight  Medical  Support  System  was  used  to 
check  the  calibration  of  the  refractometer.  No 
method  for  checking  the  calibration  of  the 
hemoglobinometer  was  available.  Both  instru- 
ments subsequently  were  returned  for  eval- 
uation. The  returned  hemoglobinometer  was 
found  to  be  acceptably  accurate.  The  refrac- 
tometer was  returned  to  the  manufacturer 
for  examination  and  a misaligned  prism  was 
reported.  A new  hemoglobinometer  and  urine 
refractometer  were  returned  to  the  Orbital 
Workshop  In-flight  Medical  Support  System 
by  Skylab  4 crewmen. 

The  In-flight  Medical  Support  System  pill  con- 


Figure  A.II.a.-la. — Drug  modules. 
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tainers  were  used  to  package  vitamin  supple- 
ments as  part  of  the  food  system  for  all  three 
of  the  manned  missions. 

The  reflex  test  hammer  was  used  to  elicit  the 
Achilles  tendon  reflex  during  video  taping  to 
evaluate  the  feasibility  of  determining  reflex 
time  by  this  means. 

The  Skylab  2 Scientist  Pilot  lost  one  of  the  two 
In-flight  Medical  Support  System  Dental  Kit 
Gigli  bone  saws  during  the  first  extravehicular 
activity,  when  the  successful  attempt  to  free 
the  jammed  Orbital  Workshop  solar  panel 
was  made.  The  bone  saw  was  taped  to  the  left 


arm  of  the  Scientist  Pilot’s  space  suit  and  was 
to  be  used  as  the  backup  mode  to  free  the  solar 
panel  should  the  metal  cutters  not  work. 

Alcohol  withdrawn  from  the  In-flight  Medical 
Support  System  slide  stainer  into  an  In-flight 
Medical  Suport  System  syringe  (with  a 20  g 
needle  attached)  was  used  to  clean  the  Earth 
Resources  Experiment  Package  tape  recorder 
system  heads. 

The  head  lamp  was  kept  available  for  use  as  a 
trouble  light  in  areas  of  inadequate  illumina- 
tion. 

The  In-flight  Medical  Support  System  incubator 


Figure  A.II.a.— lb. — Drug  modules. 
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was  used  to  incubate  nine  Petri  dishes  of 
bacteria  and  spores  for  high  school  experi- 
ment ED31.  In  addition,  one  In-flight  Medical 
Support  System  “J”  frozen  heat  sink  was  fur- 
nished to  provide  thermal  stability  to  the 
ED31  organisms  that  were  returned  by  the 
Skylab  2 crew  in  a large  diameter  food  over- 
can. 

To  support  high  school  experiment  ED63,  Cyto- 
plasmic Streaming,  plastic  cover  slips,  tem- 
pered glass  microscope  slides,  a microscope 
mirror  difuser  assembly,  spare  “AA”  batteries 
and  one  spare  microscope  bulb  were  provided. 


In  addition,  a metal  ridge  was  removed  from 
the  In-flight  Medical  Support  System  micro- 
scope eyepiece  thus  allowing  a camera  adapter 
to  slip  over  the  microscope’s  eyepiece  for 
ED63  microphotography. 

Summary 

In  summary  the  In-flight  Medical  Support  Sys- 
tem hardware  was  found  to  be  satisfactorily  usable 
in  the  Orbital  Workshop  environment.  All  equip- 
ment failures  with  the  exception  of  the  urine  re- 
fractometer  were  of  very  minor  consequence.  In 
addition,  the  types  and  shapes  of  the  medical 


Figure  A.II.a.-2. — Incubator  Assembly.  (Slowed  in  locker  W708) 


IN-FLIGHT  MEDICAL  SUPPORT  SYSTEM 


467 


equipment  proved  excellent  versatility  for  repairs 
to  equipment  of  other  flight  systems. 
Recommendations 

The  following  are  equipment  recommendations 
for  a future  system  similar  to  the  In-flight  Medical 
Support  System : 


Design  a bottle  cap  tool  to  put  the  correct  torque 
on  plastic  bottles  to  prevent  the  cap  from 
cracking  due  to  excessive  closure  torques. 

Secure  all  topical  or  tube  drugs  in  pockets  in- 
stead of  under  elastic  straps. 

Package  odd-shaped  instruments  in  soft- 


FicurE  A.II.a.— 3. — Miscellaneous  kits.  (Slowed  in  W709) 
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MEDICAL  THERAPEUTIC  KIT  CONTENTS 


Item 

No, 

Description 

Qty. 
in  Kit 

Item 

No. 

Description 

9% 

in  Kit 

1 

Swab,  dry 

20 

12 

10  cc  syringe  w/needle 

1 

2 

Hemostat,  mosquito 

1 

13 

Needle,  25  gage  x % in.  long 

4 

3 

Syringe  holder  1 cc 

1 

14 

Needle,  20  gage  x 1%  in.  long 

2 

4 

Syringe  holder  2 cc 

1 

15 

Needle,  18  gage  x 1%  in.  long 

2 

5 

Airways,  pharyngeal 

1 

16 

Syringe,  5 cc 

1 

6 

Pharyngeal  laryngoscope 

1 

17 

Syringe,  50  cc 

1 

7 

Injectable  drug  kit 

1 

18 

Needle,  16  gage  x 1^  in.  long 

2 

8 

Syringe,  2^  cc 

2 

19 

Automatic  injector  syringe 

5 

9 

50  cc  syringe  w/needle 

2 

20 

Endotracheal  tube  (cuffed) 

1 

10 

50  cc  glucose  vial 

2 

21 

Tracheostomy  equipment 

1 

11 

10  cc  epinephrine  vial 

1 

22 

Catheterization  kit 

1 

Figure  A.ll.a.— 4. — Medical  Therapeutic  Kit. 
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DENTAL  KIT 


Item 

No, 

Description 

& 

Item 

No, 

Qty. 

Description  in  Kit 

1 

Mirror/light 

1 

10 

Needle,  27  gage  x m.  long 

3 

2 

Scaler,  curette 

1 

11 

Needle,  27  gage  x 1%  in.  long 

3 

3 

Elevator 

1 

12 

Syringe 

1 

4 

Bone  saw  assy  (Gigli) 

2 

13 

Forceps,  mandibular — 

5 

Applicator  1~2 

1 

anterior 

1 

6 

File 

1 

14 

Forceps,  mandibular — 

7 

Dental  restorative  material 

8 

posterior 

1 

8 

Gauze,  ^ in.  x 36  in.  long 

3 

15 

Forceps,  maxillary — posterior 

1 

9 

Lidocaine  (HCL)  ampules 

6 

16 

Forceps,  maxilliary — anterior 

1 

Figure  A.II.a.-5. — Dental  Kit. 
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DIAGNOSTIC  KIT  CONTENTS 


Item 

Qty. 

Item 

Description 

Qty^ 

No. 

Description 

in  Kit 

No. 

in  Kit 

1 

Ophthalmoscope 

1 

8 

Tongue  depressor 

1 

2 

Otoscope 

1 

9 

Aneroid  sphygmomanometer 

1 

3 

Specula 

33 

10 

Stethoscope 

1 

4 

Neurological  exam,  instrument  1 

11 

Myringotomy  knife 

1 

5 

Binocular  loupe 

1 

12 

Head  mounted  light  source 

6 

Misc.  batteries  and  bulbs 

- 

w/battery  pack 

1 

7 

Oral  thermometer 

2 

Figure  A.II.a.-6. — ^Diagnostic  Kit. 
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KIT  CONTENTS 

Item 

Item 

Qty, 

No, 

Description 

Qty,  in  Kit 

No, 

Description 

in  Kit 

1 

Forceps,  splinter 

1 

11 

Applicator,  silver 

2 

Scissors,  bandage 

1 

nitrate 

12 

3 

Tape,  micropore 

1 roll 

12 

Swab,  cotton 

4 

Tape,  dermicel 

1 roll 

(double  ended) 

24 

5 

Examination  gloves 

2 pair 

13 

Eye  patch,  cotton 

8 

6 

Fluorescein  strips 

12 

14 

Eye  patch,  plastic 

2 

7 

Gauze  square. 

15 

Elastic  wrap. 

2 in.  X 2 in. 

12 

3 in.  X 180  in. 

3 

8 

Bandaids  % in.  x 3 

16 

Gauze  square, 

in.  and  1 in.  x 

betadine 

4 

3 in. 

50  (of  ea.  size) 

17 

Gauze,  roll. 

9 

Steri-strips 

20 

3 in.  X 360  in. 

6 

10 

Gauze  square. 

18 

Gauze,  vaseline 

6 

4 in.  X 4 in. 

24 

19 

Dressing,  ABD 

6 

Figure  A.lI.a.-7. — Bandage  Kit. 
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Figure  A.II.a.— 8a. — Resupply  Kit, 


Figure  A.II.a.-8b. — Resupply  Kit. 


material  kits  where  the  shape  of  the  instru- 
ment presents  a packaging  problem. 

Concurrent  usage  of  several  small  items  of 
equipment  in  zero-g  presents  difficulties  in 
manipulation  and  time.  Either  more  types 
and/or  numbers  of  devices  to  secure  these 
items  must  be  provided  or  fewer  and/or 
simpler  tests  in  zero-gravity  must  be  designed. 

Some  means  of  integral  refrigeration  or  freez- 
ing for  experimental  samples  should  be  pro- 
vided in  the  return  vehicle  to  preclude  “last 


minute”  gathering  of  heat  sinks  and  con- 
tainers. 

A digital-type  thermometer  is  recommended  for 
more  accurate  and  faster  temperature  read- 
outs. 

Metal  cans  were  economical  to  use,  provided 
good  protection  to  the  contents,  and  made  an 
excellent  pressure  vessel  for  packaging  small 
items  such  as  drugs.  The  problem  of  rust 
when  exposed  to  a high  humidity  environment 
can  be  solved  by  lowering  the  humidity,  using 
a nonrusting  metal,  or  by  having  the  cans 
specially  coated. 
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A.n.B.  Carbon  Dioxide^Dewpoint  Monitor 

Stanley  Luczkowski  “ 


The  portable  Carbon  Dioxide/Dewpoint  Monitor 
was  designed  to  permit  measurements  of  carbon 
dioxide  partial  pressure  (PCO2)  and  dewpoint  and 
ambient  gas  temperature  at  any  place  within  the 
Saturn  Workshop.  It  required  no  vehicle  interface 
other  than  storage.  All  components  necessary  for 
operation,  including  battery  power  source,  were 
incorporated  in  the  instrument. 

Hardware  Description 

Basic  Design  Configuration. — The  carbon  diox- 
ide monitoring  system  consists  of  two  electrochem- 
ical sensors  and  associated  amplifiers.  The  solid 
state  amplifiers  drive  a readout  meter  on  the  front 
panel  of  the  monitor. 

Each  carbon  dioxide  sensor  is  a small  electro- 
chemical cell  consisting  of  a pH  sensitive  glass 
electrode,  a reference  electrode,  an  electroljrte  gel, 
and  a thin  membrane.  Both  electrodes  are  enclosed 
within  a single  housing  and  are  bridged  by  the 
electrolyte.  The  membrane  is  stretched  across  the 
sensor  portion  of  the  glass  pH  electrode.  The  mem- 
brane is  permeable  to  carbon  dioxide  but  is  im- 
permeable to  airborne  solid  or  liquid  contami- 
nants. The  electrolyte  pH  changes  with  exposure 
to  carbon  dioxide.  Electrode  potential  is  propor- 
tional to  the  logarithm  of  the  partial  pressure  of 
carbon  dioxide  in  the  air  sample. 

The  dewpoint  ambient  temperature  sensor  con- 
tains a mirror  surface  which  is  bonded  to  a small 
thermoelectric  cooling  module.  The  module  pumps 
heat  from  the  mirror  and  lowers  the  temperature 
of  the  mirror  surface ; as  the  temperature  reaches 
the  dewpoint,  fog  appears  on  the  mirror  surface. 
The  mirror  surface  refiects  light  to  a photo- 
electric sensor  which  operates  in  a bridge.  The 
bridge  output  is  amplified  and  used  as  feedback  to 

•NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


control  the  thermoelectric  cooling  module.  The 
mirror  temperature  is  stabilized  by  the  seirvo  loop 
at  the  dewpoint  (mirror  surface  just  fogged).  The 
mirror  temperature  is  then  measured  and  dis- 
played by  the  panel  meter  as  the  dewpoint  tem- 
perature. 

A hand-operated  air  sampling  pump  is  located 
at  the  top  of  the  Carbon  Dioxide/Dewpoint  Moni- 
tor. The  pump  draws  air  through  an  inlet  into  the 
air  sampling  compartment  where  the  air  contacts 
the  dewpoint  ambient  temperature  sensor  and 
both  of  the  carbon  dioxide  sensors.  The  pump  also 
serves  as  the  instrument  handle.  Figure  A.II.b.-l 
shows  the  monitor  and  Figure  A.II.b.-2  depicts 
its  typical  use. 

Performance  Requirements. — The  monitor  was 
designed  to  utilize  existing  hardware  from  previ- 


Ficure  A.II.b.-l. — Portable  Carbon  Dioxide/Dewpoint 
Monitor. 
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ous  programs.  The  CO2  sensors  and  amplifiers 
were  furnished  from  excess  inventory  on  the 
Apollo  Portable  Life  Support  System  program  and 


the  dewpoint/ambient  temperature  sensors  and 
associated  electronics  were  designed  and  produced 
for  the  Gemini  program.  Consequently,  the  Skylab 


Figure  A.II.b.— 2. — Portable  Carbon  Dioxide/Dewpoint  Monitor  in  use. 
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effort  for  this  test  consisted  of  packaging  these 
items  together  with  appropriate  meters,  battery, 
and  switching  and  sample  pump.  A regulator  cir- 
cuit was  designed  to  convert  the  battery  voltages, 
28  V,  to  the  precision  +10  V d.c.  and  —8  V d.c. 
required  by  the  carbon  dioxide  system  and  a timer 
module  was  designed  to  turn  the  instrument  off 
after  5 minutes  of  operation  to  prevent  battery 
depletion.  The  block  diagram  of  the  system  (fig. 


A.II.b.-3)  shows  the  subsystem  interfaces.  Spe 
cific  design  requirements  are : 


Size 
Weight 
Range  (PCO2) 
Range  (ambient 
temperature) 
Range  (Dewpoint 
temperature) 


2745  cm* 

2.66  kg 

1.3  to  4000  N/m* 
278  to  311  K 
278  to  311  K 


Monitor 

power 

switch 

S3 

Off 


Air  sample 
in 


Figure  A.II.b.— 3. — Carbon  Dioxide/Dewpoint  Monitor  block  diagram. 
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Accuracy  (CO2) 
Accuracy  (temperature) 
Useful  battery  life 
Output 

Response  time  (CO2) 
Response  time 
(temperature) 


±15% 

±1.6% 

6 hours 
Meter  readout 
3 minutes 

10  seconds 


Summary 

The  Carbon  Dioxide/Dewpoint  Monitor  was 
planned  for  use  only  during  the  first  mission  to 
measure  carbon  dioxide,  dewpoint,  and  tempera- 
ture in  various  workshop  locations.  The  initial 
problems  associated  with  the  damaged  workshop 
folowing  launch  exposed  the  instrument  to  en- 
vironments outside  of  the  design  considerations. 
Low  pressure  cycles  and  high  temperature  pre- 
sented conditions  conducive  to  failure  of  the  car- 
bon dioxide  sensor  membrane  and  possibly  to 
failure  of  electronics  parts  in  dewpoint  monitor 
circuitry. 


Development  testing  with  these  sensors  for  the 
Apollo  Program  demonstrated  that  electrolyte  can 
be  drawn  through  the  membrane  by  exposure  to 
pressures  of  approximately  0.17  Pa  as  was  ex- 
perienced on  the  Orbital  Workshop  during  post- 
launch venting  to  purge  it  of  potential  toxic  gases. 
This  depletion  of  electrolyte  caused  improper  sen- 
sor operation. 

Also,  with  the  instrument  stabilized  in  an  ex- 
cessively warm  stowage  location,  the  entire  mass 
temperature  influenced  the  temperature  and  car- 
bon dioxide  readings  when  the  instrument  was 
used  to  obtain  measurements  in  a significantly 
cooler  portion  of  the  Orbital  Workshop. 
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A.n.c.  Atmospheric  Analyzer,  Carbon 
Monoxide  Monitor  and  Toluene  Diisocyanate 
Monitor 

Albert  V.  Shannon 


The  purpose  of  the  atmospheric  analyzer  and 
the  carbon  monoxide  and  toluene  diisocyanate 
monitors  is  to  analyze  the  atmospheric  volatiles 
and  to  monitor  carbon  monoxide  and  toluene  diiso- 
cyanate levels  in  the  cabin  atmosphere  of  Skylab. 

The  carbon  monoxide  monitor  was  used  on  Sky- 
lab  2,  3,  and  4 to  detect  any  carbon  monoxide  levels 
above  25  ppm.  Air  samples  were  taken  once  each 
week. 

The  toluene  diisocyanate  monitor  was  used  only 
on  Skylab  2.  The  loss  of  a micrometeoroid  shield 
following  the  launch  of  Skylab  1 resulted  in  over- 
heating of  the  interior  walls  of  the  Orbital  Work- 
shop. A potential  hazard  existed  from  outgassing 
of  an  isocyanate  derivative  resulting  from  heat- 
decomposition  of  the  rigid  polyurethane  wall  in- 
sulation. The  toluene  diisocyanate  monitor  was 
used  to  detect  any  polymer  decomposition. 

The  atmospheric  analyzer  was  used  on  Skylab 
4 because  of  a suspected  Coolanol®  leak  in  the 
Skylab  cabin.  An  air  sample  was  taken  at  the  be- 
ginning, middle,  and  the  end  of  the  mission. 

Experiment  Description 

The  Carbon  Monoxide  Monitor  is  configured 
with  a color  change  (from  yellow  to  dark  green) 
indicator  tube  to  detect  the  level  of  carbon  monox- 
ide in  the  cabin.  One  hundred  cubic  centimeters 
of  air  is  pulled  through  each  tube  by  a 100  cm^ 
hand  pump.  The  flow  rate  is  regulated  by  an  ori- 
fice in  the  pump.  After  the  sample  is  taken,  the 
color  of  the  indicator  tube  is  matched  to  a color 

» NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
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chart  to  determine  the  carbon  monoxide  level.  The 
Toluene  Diisocyanate  Monitor  is  configured  with 
a color  change  (from  light  pink  to  dark  pink)  in- 
dicator tube  also.  Two  thousand  cubic  centimeters 
of  air  is  pulled  through  each  tube  by  repeated 
pumping  of  a 100  cm^  hand  pump.  After  the  sam- 
ple is  taken  the  color  of  the  indicator  tube  is 
matched  to  a color  chart  to  determine  the  toluene 
diisocyanate  level. 

The  Atmospheric  Volatiles  Concentrator  is  a 
cylindrical  container  accommodating  two  tubes 
filled  with  a porous  polymer  absorbent  of  high 
temperature  stability,  which  is  marketed  under 
the  name  Tenex  GC®.  It  is  designed  and  used  for 
convenient  and  rapid  exchange  of  atmospheric 
gases  during  the  space  flight.  The  device  is 
equipped  with  the  appropriate  connections  to  mate 
with  a quick  disconnect  module  (standard  equip- 
ment onboard  the  spacecraft) . 

Design  and  Construction 

A carbon  monoxide  monitoring  unit  (fig. 
A.II.c.-l)  consists  of  a sealed  glass  tube  filled 
with  a chemical  that  changes  color  from  yellow  to 
dark  green  when  exposed  to  air.  The  tube  is 
wrapped  in  clear  Teflon®  tape,  housed  in  an  alu- 
minum cylinder  and  insulated  from  the  sides  of 
the  cylinder  by  Viton®  washers.  The  end  tips  are 
cut  prior  to  assembly  into  the  aluminum  cylinder. 
A bayonet  locking-type  end  cap  is  provided  on 
each  end  of  the  cylinder  to  seal  that  end  of  the 
glass  tube  from  the  atmosphere  until  use.  A fe- 
male bayonet  locking-type  connector  is  provided 
on  the  end  of  the  pump  for  attaching  the  sampling 
tubes. 
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The  toluene  diisocyanate  monitoring  unit  (fig. 
A.II.C.-2)  consists  of  a glass  tube  filled  with  a 
chemical  that  changes  color  from  light  to  dark 
pink  when  exposed  to  toluene  diisocyanate.  The 
tube  is  wrapped  in  clear  Teflon®  tape  and  housed 
in  an  aluminum  cylinder  which  has  a bayonet 
locking-type  end  cap.  It  is  configured  with  an 
adaptor  which  is  attached  to  the  carbon  monoxide 
monitor  pump,  a short  piece  of  aluminum  tubing, 
a 15.24  cm  (6  in.)  long  hose  with  0.4  cm  (0.11 
in.)  inside  diameter,  a 4 cm  (1.5  in.)  long  flexible 
hose  with  0.6  cm  (0.25  in.)  inside  diameter,  and 


Figure  A.II.c.—l.— Carbon  Monoxide  Monitoring  Unit. 


a command  module  hatch  equalization  valve 
adaptor.  For  sampling,  the  toluene  diisocyanate 
tube  is  removed  from  the  cylinder  and  installed 
in  the  sampling  apparatus. 

Figure  A.II.c.-S  represents  a technical  draw- 
ing of  the  atmospheric  sampler.  The  metallic 
parts  of  the  device — body,  caps,  and  jets — are 
made  of  aluminum.  Other  materials  machined  from 
Teflon®  and  Viton®,  are  used  and  act  as  seals. 
The  sample  tubes  are  made  of  Pyrex®  glass,  50  mm 
X 10  mm  o.d.  They  contain  4.5  ml  of  absorbent 
per  tube.  A single  layer  of  Teflon®  tape  provides 
the  insulation  of  the  tubes  from  the  wall,  and 
three  Viton®  washers  are  installed  for  each  tube 
to  serve  both  as  seals  and  as  elastic  buffers.  A 
groove  is  provided  for  the  washer  at  the  air  inlet 
which  keeps  tension  on  the  tubes  and  thus  allows 
a tight  seal  to  be  made  between  the  tube  and  the 
jet  orifice  plate  at  one  end,  and  the  tube  and  main 
body  at  the  other  end. 

The  atmospheric  analyzer  (fig.  A.II.C.-3)  con- 


Figure  A.II.c.— 3. — ^Atmospheric  Volatile  Concentrator. 


CO  = Carbon  monoxide 
TDI  = Toluene  diisocyanate 


Figure  A.II.C.—2. — ^Toluene  Diisocyanate  Monitor. 
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sists  of  a cylindrical  housing  about  2.5  cm  (1  in.) 
in  diameter  and  12.7  cm  (5  in.)  long  with  end 
caps.  It  contains  two  glass  tubes  filled  with  Tenex 
GC®  absorbent.  The  air  flow  through  each  tube 
is  regulated  by  a fixed  orifice  with  a flow  rate  of 
approximately  200  cm^  per  minute.  The  air  flow 
rate  is  obtained  by  attaching  the  atmospheric 


analyzer  to  the  spacecraft  vacuum  system  and  col- 
lecting a total  air  sample  of  about  30  liters. 
Conclusions 

Each  equipment  item,  Carbon  Monoxide  Moni- 
tor, Toluene  Diisocyanate  Monitor,  and  the  Atmos- 
pheric Analyzer  performed  as  required  during 
the  Skylab  missions. 


A.n.d.  Skylab  Hardware  Report 
Operational  Bioinstrumentation  System 


N77- 33835 


Stanley  Luczkowski 


The  Skylab  Operational  Bioinstrumentation 
System  is  a personal,  individually  adjustable  bio- 
medical system  designed  to  monitor  the  basic 
physiological  functions  of  each  suited  crewman 
during  specified  periods  of  a manned  space  mis- 
sion. 

The  basic  physiological  functions  of  this  system 
include  electrocardiogram,  respiration  by  imped- 
ance pneumogram,  body  temperature,  cardiota- 
chometer,  and  subject  identification.  The  Opera- 
tional Bioinstrumentation  System  was  scheduled 
to  monitor  each  crewman  during  launch,  extra- 
vehicular activities,  suited  intravehicular  experi- 
ments, and  undocking  and  return. 

It  was  possible  to  monitor  all  three  crewmen  in 
the  command  module  through  connection  of  an  in- 
dividual communication  lunbilical  to  separate 
data  channels  of  the  telemetry  system.  In  the 
Skylab  Orbital  Workshop  only  two  data  channels 
were  available  through  the  speaker-intercom  sta- 
tions. For  extravehicular  activity  operations,  two 
crewmen  were  monitored  through  the  Skylab 
Orbital  Workshop  channels  via  the  extravehicular 
activity  umbilicals. 

Hardware  Description 

Basic  Design  Configuration. — The  Operational 
Bioinstrumentation  System  was  designed  and  con- 
structed of  the  following  subsystems: 

Electrocardiograph  Signal  Conditioner. 

Impedance  Pneumograph  Signal  Conditioner. 

Cardiotachometer  Signal  Conditioner. 

Subject  Identification  Module. 

d.c.-to-d.c.  Converter. 

* NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


Electrical  Harness  Assembly  consisting  of: 

Constant  Wear  Garment  Harness. 

Suit  Electrical  Harness. 

Bioharness. 

Sternal  Electrode  Harness. 

Axillary  Electrode  Harness. 

Body  Temperature  Measuring  System  consist- 
ing of: 

Body  Temperature  Signal  Conditioner. 

Temperature  Probe. 

Figure  A.H.d.-l  and  A.II.d.-2  show  the  design 
of  the  Operational  Bioinstrumentation  System 
hardware  and  how  it  interfaces  with  the  biobelt. 

The  biobelt  is  a fabric  assembly  of  pockets  and 
straps  to  contain  the  Operational  Bioinstrumenta- 
tion System  electronic  modules.  It  attaches  with 
snaps  to  the  crewman’s  liquid-cooled  garment  or 
constant  wear  garment  worn  under  the  space  suit. 
Interconnection  of  the  electronic  module  is  ac- 
complished through  the  bioharness  which  connects 
through  the  suit  harness  to  the  appropriate  elec- 
trical umbilical. 

Electrodes  attach  to  the  body  to  provide  inputs 
to  the  Electrocardiograph  and  Impedance  Pneu- 
mograph signal  conditioners.  The  body  tempera- 
ture measurement  was  designed  to  monitor  ear 
canal  temperature  via  an  ear  probe  to  the  signal 
conditioner.  However,  the  temperature  measure- 
ment was  deleted  from  the  system  prior  to  the 
Skylab  missions.  The  Cardiotachometer  signal  is 
derived  from  the  Electrocardiograph  signal  and 
provides  an  analog  output  corresponding  to  heart 
rate.  A simple  resistance  voltage  divider  network 
in  the  Subject  Identification  Module  provides  a 
discrete  d.c.  voltage  output  for  crewman  and  data 
identification. 
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All  modules  receive  power  from  the  d.c.-to-d.c. 
converter  which  provides  regulated  d=10  V d.c. 
from  the  vehicle  power  input  of  28  V d.c.  Con- 
verters designed  and  fabricated  for  the  Apollo 
program  were  used  for  Skylab  since  the  design 
met  all  the  requirements  and  sufficient  quantities 
were  on  hand. 

Performance  Requirements. — Other  than  si- 
multaneous operation  from  one  power  source,  and 
noninterference,  system  performance  require- 
ments are  not  applicable  to  the  Operational  Bio- 
instrumention  System.  Rather,  each  electronic 
module  has  specifications  for  its  discrete  measure- 
ment. The  following  are  the  prime  requirements 
for  each  signal  conditioner : 

Electrocardiograph  Signal  Conditioner 

Frequency  0.05  to  100  Hz 

response 

Gain  600  to  4500 


Common  mode 
rejection 
Electroshock 
protection 
Noise 

Input  impedance 
Power 

Impedance  Pneumograph 

Frequency 
response 
Input  range 

Electroshock 

protection 

Noise 

Recovery  time 
Power 


> 80  dB 

< 200  fiA 

< 45  mV 

> 40  Mn 

< 100  mW 

Signal  Conditioner 
0.1  to  10  Hz 

3 n to  9fi  impedance 
change 

<100  ixA.  to  600  Hz, 
165MA  to  1 kHz 

< 83  mV  peak-to- 
peak 

< 51  seconds 

87  mW  at  -1-10  V and 

< 111  mW  at  -lOV 


Figure  A.II.d.-l. — Operational  Bioinstrunientation  System. 


Figure  A.n.d.-2. — Operational  Bioinstrunientation  System 
biobelt  assembly  mated  to  suit  harness  and  body  worn 
electrode/ probe  harnesses. 
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Cardiotachometer  Signal  Conditioner 

Input  Electrocardiograph 

output  signal 

Output  0 to  5 V d.c. 

Range  30  to  200  beats  per 

minute 

Power  < 74  mW  at  + 10  V 

and  45  mW  at 
-10  V 


Subject  Identification  Module 

Output  range  0 to  5 V d.c. 

Power  < 10  mW  at  10  V d.c. 


d.c.-d.c.  Converter 
Output 

Output  current 
Regulation 

Body  Temperature  System 
Range 

Accuracy 

Power 

Response  time 


+ 10  V d.c.  and  — 10  V 
d.c. 

30  mA/output 
+ 0.1  V, -0.4  V d.c. 


35°  to  40.5°  C (95° 
to  105°  F) 

±0.11°  C (±0.2°  F) 
4 mA  at  +10  V and 
-10  V d.c. 

40  seconds 


— Power 

— — — — Data 


To  crew  comm 
umbilical 


V 


Bioharness 


CWG  or 
suit  harness 

X 


*Government-furnished  equipment 


Figure  A.II.d.~3. — Operational  Bioinstrumentation  System  block  diagram. 
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Figure  A.II.d.-3  is  the  system  block  diagram 
showing  the  power  and  data  interfaces  between 
modules  and  between  the  system  and  the  other 
equipment. 

Performance 

The  Operational  Bioinstrumentation  System 
was  utilized  as  scheduled  in  the  premission  guide- 
lines. Due  to  the  initial  vehicle  problems  in  Sky- 
lab  1 launch,  causing  additional  extravehicular 
activity  and  extended  time  before  workshop  habi- 
tation, more  actual  time  was  logged  with  crewmen 
wearing  the  Operational  Bioinstrumentation  Sys- 
tem than  planned.  This  extra  usage,  however,  did 
not  affect  the  system  operation  and  good  data 
were  obtained  during  this  initial  usage.  Subse- 
quent extravehicular  activity  and  return  data 
were  consistently  good  for  electrocardiograph  and 
cardiotachometer  parameters,  but  the  impedance 
pneumograph  output  sometimes  experienced  deg- 
radations which  appeared  to  be  caused  by  either 
motion  artifact  or  a loose  body  electrode.  On  one 
extravehicular  activity,  one  crewman  forgot  to 
insert  electrolyte  in  the  electrodes  and  therefore 
obtained  no  data. 

During  the  second  and  third  manned  Skylab 
missions,  all  Operational  Bioinstrumentation  Sys- 
tem use  was  nominal  and  satisfactory  data  were 
obtained  during  each  use. 

While  the  Operational  Bioinstrumentation  Sys- 
tem was  being  utilized  the  data  were  continuously 
monitored  in  Mission  Control  by  medical  person- 
nel when  it  was  received  by  a tracking  station. 
During  loss  of  signal,  the  data  were  recorded  and 


dumped  to  the  ground  station  for  subsequent 
analysis.  The  electrocardiograph  signals  were 
monitored  for  detection  of  any  anomalies  which 
would  indicate  termination  of  the  activity  was 
necessary.  The  heart  rate  signals  were  used  to 
assess  work  rate  to  preclude  overexertion  during 
high  stress  periods  of  the  extravehicular  activi- 
ties. 

Conclusions 

The  Operational  Bioinstrumentation  System 
hardware  performed  well  throughout  all  its  use 
in  the  Skylab  Program — testing,  training,  and 
flight  operations.  The  weakest  link  in  these  sys- 
tems has  always  been  the  body/electrode  inter- 
face. When  good  attachment  to  the  body  is 
maintained,  the  electrodes  exhibit  excellent  char- 
acteristics. The  usual  cause  of  erratic  data  is  loss 
of  body  contact  by  the  electrode.  The  extreme 
activity  of  the  crewmen  while  donning  the  space 
suits  and  while  performing  various  extravehicular 
activity  tasks  is  naturally  conducive  to  electrode 
loosening.  Another  contribution  is  the  fact  that 
for  extended  applications,  the  attachment  must  not 
utilize  the  more  agressive  tapes  which  could  cause 
irritation. 
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A.n.e.  Exerciser 

John  D.  Lem  ^ 


The  Mark  I exerciser  shown  in  figure  A.II.e.-l, 
which  was  added  for  the  second  and  third  Skylab 
missions,  was  used  for  a number  of  arm  and  leg 
exercises.  This  unit  is  a modified  version  of  a 
commercial  device,  the  Mini-G}on®  Model  180, 
marketed  by  Mini-Gym,  Inc.,  Independence,  Mis- 
souri. This  is  an  iso-kinetic,  or  constant  velocity, 
exerciser  which  retards  the  speed  at  which  the 
user  is  allowed  to  move.  The  user  applies  a 
maximum  effort  and  the  device  automatically 
varies  the  opposing  resistance  to  maintain  speed 
of  translation  at  a constant  preselected  value. 

Equipment  Operation 

In  use,  one  pulls  against  the  handle  attached 
to  one  end  of  a rope  which  is  wound  around  a 
nylon  drum.  A ratchet  mechanism  transmits  the 
resulting  rotary  motion  of  the  drum  through 
three  pawls  to  a large  diameter  main  drive  gear. 
A smaller  pinion  gear  driven  from  this  main  drive 
gear  then  drives  a centrifugal  governor  at  an 
angular  velocity  eight  times  that  of  the  rope 
drum.  Overall  conversion  of  rope  translation  to 
governor  rotation  is  approximately  2 cm/rev. 
This  can  vary  somewhat  due  to  slight  changes  in 
the  cross-section  of  the  rope  versus  the  load  ap- 
plied. The  governor  weights  apply  a force  against 
a yoke  which  is  free  to  move  along  the  governor 
shaft.  The  yoke  applies  force  to  one  of  two  steel 
washers  between  which  is  clamped  an  asbestos 
braking  fiber  which  is  restrained  from  rotation. 
The  applied  energy  is  thus  dissipated  as  heat  aris- 
ing from  the  brake  friction.  An  adjustment  is 
available  to  vary  the  spacing  between  the  two 
steel  braking  washers  and  thereby  vary  the  speed 
at  which  the  braking  action  occurs.  The  device 
will  maintain  a constant  speed  for  any  applied 

“ NASA  Lyndon  B.  Johnson  Space  Center,  Houston, 
Texas. 


load  from  approximately  3 to  well  over  100  kg. 
Following  the  maximum  desired  extension  of  the 
rope,  a coil  spring  within  the  nylon  drum  will 
automatically  recoil  the  rope. 

Modifications  to  the  commercial  device  were 
concerned  with  minimizing  weight,  eliminating 
undesirable  materials,  providing  restraint  for 
zero-g  operation,  and  minimizing  complexity.  Ma- 
jor modifications  were: 

Use  of  an  aluminum  frame  and  cover. 

Elimination  of  a force  measurement  mechanism 
which  is  attached  to  the  brake  fiber  on  the 
commercial  unit. 

Replacement  of  simple  foot  pads  with  triangles 
to  permit  locking  of  one's  feet  to  the  pedals. 
The  triangles  accept  a cleat  attached  to  the 
bottom  of  the  astronaut's  shoes.  In  use  the 
cleat  is  inserted  into  the  triangle  and  the  foot 
rotated  to  lock  the  shoe  onto  the  exerciser.  A 


Figure  A.II.e.-I. — Mark  I exerciser. 
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similar  cleat  is  located  on  the  bottom  of  the 
device  and  is  used  for  attachment  of  the 
exerciser  to  the  triangular  grid  flooring  uti- 
lized in  the  Skylab  vehicle.  The  weight  of  the 
exerciser  is  5.49  kg  including  the  two  han- 
dles. In  the  stowed  configuration,  i.e.,  with 
the  pedals  folded  up,  the  overall  envelope  was 
approximately  19.8  cm  HX27  cm  WX20  cm 
D.  With  the  pedals  folded  down  for  operation 
the  width  increased  to  52  cm  and  the  height 
decreased  to  15.2  cm. 

Conclusion 

This  exerciser  functioned  as  intended  and 
proved  to  be  of  considerable  benefit  to  the  crew- 
men throughout  two  Skylab  missions.  Two  prob- 


lems were  encountered.  The  polybenzimadazole 
rope,  originally  selected  for  its  flame  retardant 
characteristics,  was  proven  to  be  weak  and  re- 
quired replacement  by  a nylon  rope.  The  recoil 
spring  broke  after  approximately  60  days  of  use 
and  was  replaced  by  an  available  spare.  This  sec- 
ond spring  also  broke  after  the  same  approximate 
period  of  time.  In  both  cases  the  problem  was 
traced  to  an  inadequate  heat  treatment  for  stress 
relief  following  nickel  plating. 
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Anorexia,  170,  410 
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Apollo  (project) 
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size  studies,  331-332 
strength,  193-195 

Arrhythmia,  31,  293,  320,  321,  343,  348-349,  411-412 
Aspirin,  32 


Ataxia,  104,  109 

Atmospheric  environment  of  crew,  12,  17,  18,  33,  70-72 

Bacteria,  41,  53-63 
Ballistocardiographic  effect,  25,  363 
Baroreceptor  responses,  307,  310 
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Achilles  reflex,  132-133 
epidemiological  survey,  47-49,  51 
last-trial  (preflight)  tests,  143 
lower  body  negative  pressure  test,  13,  285,  352 
metabolic  activity  test,  13,  374 
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postural  equilibrium  test,  105 
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sleep  monitoring,  113 
task  performance,  139,  141,  144 
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mineral  balance  and,  164,  171-174,  184-189,  213,  215, 
413 

muscular  deconditioning  and,  197 
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340,  362-363,  383,  385 
durations  of  use,  33,  379,  382,  383 
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Blood  plasma 

biochemical  analysis  of,  208-210 
proteins,  251 

separation  of,  9,  10,  249,  436,  439 
volumes,  240 
Blood  pressure 

lability,  32,  289 

lower  body  negative  pressure  test  and,  284-312 
measuring  system,  373,  428-432 
metabolic  activity  test  and,  8,  14 
postflight,  304 
venous,  307,  326,  336 
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height,  335 

temperature,  8,  448,  449 
volume,  199-202 
weight,  177-181,  196,  200 
Body  fluid  experiment,  8,  33 
Bone  mineral  experiment,  8,  183-190 

Calcium  metabolism,  164-168,  184,  188,  213 
Candida  albicans y 59 
Carbohydrate  metabolism,  214 
Carbon  dioxide,  12 

monitoring  system,  474-477 
respiratory,  374-376,  395,  445 
Carbon  monoxide,  17,  18,  70,  71 
Carbon  monoxide  monitoring  system,  478-480 
Cardiovascular  counterpressure  garment,  7,  31,  147,  286 
Cardiovascular  deconditioning,  32,  193,  197,  412,  421 
Carotid  pulse,  285,  352-353,  374 
Carr,  Gerald  P.,  19,  27,  102 
Cell  growth  (human),  221-234 
Center-of-mass  test,  8,  331,  333-334 
Cholesterol,  208,  210,  214,  215 
Chromosome  band  analysis,  226,  227 
Chromosome  defects,  217-220 
Circadian  rhythm,  15,  33,  114,  125,  213,  362,  408 
Conrad,  Charles  P.,  19,  27,  102,  192 
Coriolis  sickness,  75,  76 
Cosmic  rays,  64,  67,  127,  128 
Crew  surgeons,  20,  30,  32,  46 

Dalmane®,  121 
Data  processing 

biochemical,  10,  19 
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statistical,  132,  142-146 
telemetered,  14 

voice/telemetry  recording,  151-153 
Decongestants,  30,  31,  32 
Dental  health,  see  Oral  health  of  crew 
Dental  kit,  469 
Dermatitis,  30 

Dewpoint  monitoring,  474-477 
Dextroamphetamine  sulfate,  24,  30,  33,  79-80,  89 
Diet  of  crew 

appetite  for,  22,  28,  179 
body  weight  and,  177-181 
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caloric  intake  from,  5,  22,  28,  180,  197 
foods,  4 

nutrition  of,  30,  33,  164-166,  176 
oral  health  and,  40 
planning  of,  4,  22,  181 
storage  volume,  5,  174-179 
water  intake  in,  5,  212,  296 
Diuresis,  208,  414 

Dizziness,  74-75,  79,  83,  85,  293-296 
Donning/dofflng  of  spacesuits,  138,  144,  146-149,  335 
Dosimetry  (radiation),  64,  65,  67-69,  128 

Echocardiography,  32,  347,  366-367,  368,  371 
Edema,  29,  337,  359 
Efficiency  ratio,  155-158 
Electrocardiography,  339,  341,  346,  348-349 
Electroencephalography,  17,  113,  119,  450-453 
Electrolyte  balance,  86,  208,  215,  413,  414-415 
Electro-oculography,  113,  450-453 
Enzymes,  242-248 

Ephedrine  sulfate,  80,  82,  86,  89,  121 
Epigastric  awareness,  24,  79,  82,  83 
Ergometry,  8,  193,  340,  363,  373,  377,  385,  441-444 
Erythropoiesis,  235,  236,  260 
Exercise 

aerobic  capacity,  340 
arms,  22,  191-197 

devices,  8,  33,  134,  296,  373,  441-444,  485-486 

durations  of,  18-19,  22,  23,  28,  179,  339,  374,  382 

frequency  of,  30,  379,  417 

legs,  22,  191-197,  379 

postflight  testing,  375,  381-383,  412 

profiles  (ergometer),  340 

Experiment  support  system,  9,  285,  313,  424,  427,  459-462 
Extravehicular  activities,  22,  25,  31,  65,  146-147,  178, 
395-399 

Eye-contact  toxicity,  70 
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Facies,  334,  359 
Falling  sensation,  25,  27 
Fat  metabolism,  214 
Fatigue 
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lower  body  negative  pressure  test  and,  295 

postflight,  412 
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vestibular  function  and,  79,  85,  87-88,  97,  98-99 
work-induced,  25,  362,  411 
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analysis  of,  10,  167,  168,  170 
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Flightcrew  health  stabilization  program,  13-16,  30-33, 
45-52 

Fluid  metabolic  balance,  208,  413,  415 
Fluid  shift  (cephalad) 
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effects  of,  23,  322,  326,  330,  333-337,  363,  392 
time  progression  of,  86,  309 
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Food  system,  4,  5,  17,  18 
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Fungi,  32,  56,  57,  58 

Garriott,  Owen  K.,  19,  102 
Gastrocnemis  muscle,  110,  131 
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electroencephalography,  113 
extravehicular  activities,  395-396 
flight  duration  studies,  409 
metabolic  studies,  210,  213 
motion  sickness,  74,  75 
perception  test,  100 
red  blood  cell  mass,  235 
working  area,  125 
Gemini  4 mission,  183,  395,  410 
Gemini  5 mission,  75,  183,  235,  410 
Gemini  7 mission,  113,  164,  171,  183,  210,  235,  410 
Gemini  9 mission,  395 
Gemini  10  mission,  395 
Gemini  11  mission,  395 
Gemini  12  mission,  395 
Gibson,  Edward  G.,  19,  102 
Gingival  inflammation,  35,  40,  42,  43 
Glenn,  John,  91,  411 
Gloves,  146 

Head  fullness  sensation,  23,  27,  32,  363,  383 
Head  movements 

illusions  and,  74,  98 
malaise  levels  and,  82-88,  109 
postflight  testing  of,  77-79 
Headache,  23,  79 
Heart  rates 

cardiographic  measurements  and,  342-347,  374-380 
lower  body  negative  pressure  test  and,  284-322 
postflight,  32,  33,  284 

Heart  sound  amplitudes,  352-353,  355-359,  361-362 

Heart  volume  measurements,  366-371,  400-405 

Helmets,  74,  75,  81,  146 

Hematocrit,  256,  263-265,  336,  410,  440 
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Homeostasis,  80,  87,  206,  208,  215 

Hormones  208-216 
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Hygiene  of  crew,  6,  33,  39,  155,  157 

Hyperoxia,  235,  239,  244 

Hyperreflexia,  131,  417 

Hypervolemia,  414,  417 

Hypoxia,  28,  29,  393 

Immunization,  13,  46,  60 
Inertia  wheel  exerciser,  22 
Infectuous  diseases,  13,  16,  45-52 

In-flight  medical  support  system  (IMSS),  6,  23,  30,  35, 
463-473 

Ingestion  toxicity,  70 
Inhalation  toxicity,  70-72 
Insomnia,  121,  122 
Insulin,  208,  209,  214 
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Isokinetic  exercises,  33,  191,  485 
Isometric  exercises,  33,  363,  379 
Isotonic  exercises,  347 
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Kerwin,  Joseph  P.,  19,  102 
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